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ABSTRACT:

I MODESRCH is a FORTRAN computer program designed to obtain rapidly, eco-

nomicaly, and accurately, the mode constants needed to describe propagation

in the earth-ionosphere waveguide at ELF, VLF an LF (10 Hz to 60 kHz). It is

suggested that MODESRCH, along with required mode summing procedures, be used

to replace "waveguide" and "wave-hop" codes currently used in network analysis

programs which cover the ELF to LF frequency bands. This report contains a

discussion of the analytical approach taken in MODESRCH, a FORTRAN listing of

the program, instructions for using the program and some sample calculations.
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INTRODUCTION

Radio field strengths at ELF, VLF and LF (10 Hz to about 60 kHz) are

usually calculated using procedures based on either normal mode theory (ref-

erence 1) or on a semi-geometrical optics approach (reference 2).

Normal mode theory treats the field as being composed of one or more

discrete families (modes) of plane waves confined to the natural waveguide

bounded by the earth and the ionosphere. The number of waveguide modes

needed to adequately represent the field is proportional to the earth-iono-

sphere separation measured in radio wavelengths. Thus, only a single mode

is required below 3 kHz, about ten to fifteen modes at 30 kHz, and as many

as twenty-five modes may be important at 60 kHz. The propagation parameters

for each mode depend on the characteristics of the earth and the ionosphere,

and are independent of the relative positions of the transmitter and receiver.

For a homogeneous waveguide, once all of the important modes have been found,

the radio fields can be determined ;s a function of distance by a simple mode

summing calculation.

Computer programs based on waveguide mode theory have been brought to

a high degree of sophistication and versatility in recent years, making it

possible to calculate fields for any antenna configuration at any altitude,

for both vertically and horizontally polarized waves, and for inhomogeneous

waveguides. Unfortunately, solutions to the modal equation .'Imot be deter-

mined explicitly. Instead, the complex angles of incidence at the waveguide

boundaries, which uniquely identify each mode, must be determined by iterative

techniques. At frequencies above about 30 kHz, where there is a large number

of modes to be found, the mode finding procedure of reference 1 may miss some

Ksolutions and it has taken human judgment to determine if the set of modes



fou)d was complete. If the spr of modes was judged incomplete, new initial

condition3 had to be resubm }te to the computer in an attempt to compute the

missing modes, resuilting in a,'.itional computer and manpower costs, Systems

analysis codes do not allow human intervention, and so they have not been able

to rely on mode theory when a sizeable number of modes is needed to represent

the radio fields.

Previous practice nas been to compute radio fields at frequencies below
30 kHz using waveguide mode theory and to use a wave-hop theory, such as de-

scribed in reference 2, for computing fields at and above 30 kHz. The wave-

hop procedure considers the total field at the rezeiver to be composed of a

groundwave component and a number of skywaves following unique geumetric ray

paths connecting the transmitter and receiver with intermediate reflections

off the earth Ond the ionosphere. Calculations of radio field strength, using

the wave-hop procedure of reference 2, agree well with waveguide mode calcula-

tions for horizontally homogeneous normal ionospheres. They do not agree for

severely depressed ionospheres over low conductivity ground.

The wave-hop approach has features which make it somewhat inconvenient

for system analyses. For each separation distance between transmitter and

receiver there is a unique ray geometry. Thus, for calculations of fields as

a function of distance; e.g., for aircraft operations, certain inherent calcu-

lations must be repeated many times. Also, for inhomogeneous waveguides such

as across day-night ionospheric gradients or across nuclear-induced ionospheric

depressions, the geometry is ill-defined and the calculations tend toward

approximations.

Aside from the limitations of either the waveguide approach or the wave-

hop approach to long-wave propagation prediction, it would be advantageous to

2
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use a single method across the entire ELF, VLF, LF frequency bands. Systems

codes used for network analyses would be considerably reduced in size, saving

computer costs. Comparisons of systems performance as a function of frequency

would be more meaningful if a single propagation theory were invoked.

The MODESRCH computer program described in this report has the required

ability to compute waveguide moee constants rapidly, economically and accur-

ately over the frequency band of interest. MODESRCH contains all of the basic

features of the previously reported waveguide mode computational procedures of

reference 1 and several important additions. The new additions virtually

guarantee that all waveguide modes of importance will be found at any frequency

up to at least 60 kHz. MODESRCH, usd with presently available mode summing

techniques,will provide the radio fields required for systems analysis.

This riport describes the MODESRCH theory. It also contains a listing

of the FORTRAN program, instructions for the user, and examples of MODESRCH

calculations.
-I
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II. DISCUSSION OF MODESRCH PROCEDURE

A. General Background

In the propagation of ELF, VLF and LF terrestrial radio waves to

great distances, the waves are confined within the space between the earth and

the ionosphere. This space acts as a waveguide, and the "waveguide concept" is

applicable for characterizing the propagated fields as a function of distance.

The energy within the waveguide is considered to be partitioned

among a series of modes. Each mode represents a resonant condition; i.e., for

a discrete set of angles of incidence of the waves on the ionosphere, resonance

occurs and energy will propagate away from the source. The complex angles (e)

for which this occurs are called the eigenangles. They may be obtained us-

ing the 'full-wave' procedures described in reference 1 by solving the de-

terminantal equation
F' I -d (0) Bd - 1 0 (1)

uR11d(e) iRId ()

where Rd(() = (2)
[lRld(O) JR~dV'i)

is the complex -ionospheric reflection coefficient matrix looking up into the

ionosphere from height "d" and

11 R 11d (E) 0

& (()) d (3)

is the compiex reflection matrix looking down from height "d" towards the

ground.

Note: Any variable "A" denoted by A in this report implies a matrix.

4



The complex angle, 0, is the angle of incidence at height z = H where the modi-

fied index of refraction given by

n2 = 1 - a(H - Z) = 1 -- (H - Z) (4)re

is unity. Here re is the radius of the earth.

The notation II for the R's and IT's denotes vertical polarization while

the notation, 1, denotes horizontal polarization. The first subscript on the

R's refers to the polarization of the incident wave while the second applies

to the polarization of the reflected wave.

To find solutions of (1) for the eigenangles, 8, the well known

Newton-Raphson method may be used. The procedure is to guess a solution eo to

the equation FI(8) = 0. The function Fl(e) is then reevaluated for 0o + 80 and

the correction to 00 found from the equation

= -,1 (5)

The correction determined by (5) is then evaluated and the process repeated un-

til the quantities W-j andl Wil are reduced to within a preassigned tolerance.

The subscripts r and i denote the real and imaginary parts, respectively. The

final solution for mode "n" is then given by

[on] = [on] + 40n j = 1, 2, 3, (6)

j -

B. Introduction to MODESRCH Theory

The "MODESRCH" procedure also obtains the full-wave solution of

equation 1 in terms of the eigenangles. In tnis case; however, the R and K

terms are modified in order to make simpler equations.

5



The basic premise of the MODESRCH theory is to modify the function FI(O) so

that it contains no poles and then in this form, apply a newly-developed root-

finding algorithm to obtain the complete set of eigenangles.

In particular, the FI(G) equation of reference 1 becomes upon modifi-

cation (see Appendix A):

F3(e)(,nj-X_-nldj) (InL - 1X71di) - XjjXKpjdjjdj1  (7)

where X = (R + 1)/c (8)

and c = cose (E) = complex angle of incidLnce)

or Ri.;: ( 1i + 1)/c

tXi: Ri/c (9)

j z= Ru/c

iyf (1R1 + 1)/c

and n d-1 .(i-I + 1)/c

1A,1  11R11l + l~(10)or = ~;~~//C

The modified variables:

are related to making simpler equations in the 'MODESRCH' Drocedure and in

removing the zeros in F3(6) at 0 = 900. The functions F1(O) and F3(O) are not

the same, but except for the point where 0=90", they have the same zeros.

The solutions to the modal equation; ( i.e., equation 7) for

F3()=O are the complex eigenangles (e) needed to obtain the mode constants

(e.g., phase velocity, attenuation rate, and excitation factor) which

Note: From this point on, let F3(0) be denoted by F(O) for convenience.

6



are the parameters of int-rest in computing field strengths. The total field

at any point along the guide may be computed from the vector sum of the con-

tributions from each individual mode.
As in reference 1, the MODESRCH procedure requires that the upper bound-

ary of the waveguide be assigned arbitrary electron 3nd ion density distri-

butions with height as well as variable collision frequency profiles with

height. Allowance is also made for the anisotropy of the ionosphere. The

lower boundary of the guide is taken to be a smooth homogeneous earth charac-

terized by an adjustable conductivity and permittivity. Earth curvature is

also included via the artifice of the modified refractive index (e.g., Equa-

tion (4)).

The (X,Y,Z) coordinate system used is such that Z is directed into the

Iionosphere, the X-Z plane is the plane of propagation, and invariance in the
Y-axis is assumed.

C. General Steps in the Solution of the Modal EquationV(1) For VLF/LF cases the input electron and ion density profiles

vs heignt are modified by eliminating those heights above which and below

which tne corresponding particle densities will have negligible effects on

the modal solutions. For ELF cases, profiles are not cutoff at the top or

the bottom heights but instead the complete Input profile is used in subse-

quent calculations.

I(2) The modal solutions of Equation (7), the complex eigenangles

(ereal + iOimaginary), are determined within a bounded region of the com-

plex "THETA" plane defined by a set of limiting THETA values. This bounded

region will be called the "contour rectangle" and the limiting THETA values

are denoted by the corners of the rectangle (e.g., A,B,C, and D). These par-

ameters are portrayed in Figure 1.

V7



e imaginary

A B

Sereal2 ~I
II
I

C D
COMPLEX THETA PLANE

Figure 1. The Contour Rectangle ABCD

(3) Four fixed angles (OTi, i=1,2,3,4) are chosen in the complex

THETA plane. These angles are somewhat outside the corners A,B,C, and D of the

contour rectangle. For VLF and LF calculations these angles are the 4ven

values of J at which full-wave solutions are to be carried out for use in a

Lagrange interpolation procedure. At ELF (e.g., < 1000 Hz) the purpose of

these angles is to identify the location of the contour rectangle in the THETA

piane.

(4) At VLF and at LF, the differential equations for the ionospheric

terms () are integrated at the angles 0Ti, to give full-wave values of ~I(eTi)

at the base of the modified electron-ion density profiles. The results obtained

by integrating to the bottom of the profile (e.g., Z=Zb) will be designated as

i AXb(@Ti ) .

(5) For VLF/LF cases a further upward integration of the X(eTi)

equations from the height Zb to a reference height 'd' is then performed assum-

ing a free space environment over a curved earth. This reference height may

be taken to be an effective reflection height. At this height there will be

8



no poles in the function 7(0) for the region of interest in the complex THETA

plane. The determination of this height is important because the general root-

finding algorithm used to locate the zeros of F(O) requires that there be no

poles in the vicinity of the zeros to be found. This reference height is also

appropriate for performing Lagrange interpolation on the function X(0).

(6) At the reference height 'd', for VLF and LF, the contour rec-

tangle is subdivided into small mesh squares. The value of F(O) at each cor-

ner of each mesh square is determined by Lagrange interpolation of T(O) based

on the given values of k(OTi).

Recall from Equation (7) that the function F(O) is computed from Y(O), n(G)

and d(O) so that for any angle, Oj the value of 7(0j) is found from the

Lagrangian interpolation of X(OTi, i=1,2,3,4) whereas n(ej) and d(e.) are calcu-

lated directly.

(7) For ELF (e.g., <1000 Hz), the angles used in the full-wave inte-

gration of the 7(0) equation consists of the usual corners of the contour rec-

tangle plus all additional angles formed from the four corners of each mesh

square into which the contour rectangle is also divided. In this case the

integration is extended downward to the earth's surface (e.g., Z=O) and no

further integration Sack up to the height 'd' is done. No Lagrangian inter-

polation is involved since the full-wave solution is computed for all angles

of interest to the problem. It is important to realize at Lhis point that the

MODESRCH procedure has not been formulated so as to eliminate the poles for

ELF cases. This may result in no solution being found to the modal equation

due to the presence of poles. Because of this result, it may be advisable to

compute modes for the ELF cases by the methods of reference 1. This problem

has not; however, occurred in practice.

.9
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(8) The zeros of F(O) at 'd' for VLF/LF (or at '0' for ELF are

then found by applying the root-finder algorithm to the mesh squares.

(9) Since F(O), as determined from step (8) is approximate, the

exact solution of F(O) is then obtained by applying the usual Newton-

Raphson procedures where the full-wave solution is used to obtain Y(e)

(10) With the determination of the exact solutions of the O's

(eigenangles), the required mode constants and excitation factors, may be

calculated.

D. Optimization of Input Ionospheric Density Profiles

Computing efficiency for VLF and LF may be improved by cutting

off the top and bottom heights of the input profile.

(1) Exponential Profiles (electrons only)

[1 An exponential, electrons only, ionospheric profile may be

specified as input to the MODESRCH procedure. The profile is computed as

described in Wait's. NBS TN 300, reference 3, whe.-e

o.r(z) = 2.5X10 5 exp[p(z-h'] = 3.18254X10 9 N(z)/v(z) (11)

and p is in inverse kilometres, z and h' are in kilometres, N(z) is the

electron density in electrons per cubic centimetre and v(z) is the colli-

sion frequency in collisions per second. The exponential collision fre-

quency is given in reference 3 as

v(z) = 1.861011 • exp(-0.15z) (12)

The top of the profile may be modified by choosing a value for the variable

SCLHTS. The relationship is that:
SCfL4TS 0.)(3

Top Height = Integer (Hi + -- . -0)

The nearest integral value of altitude as given by 'Top Height' is used to

set the top of the profile. All heights above this value are neglected in

the MODESRCH computations.

10



The bottom of the exponential prcfile is set by assigning a minimum

value (i.e., ENMIN) of electron density in electrons/cm3 . All altitudes,

at which the corresponding density is less than the value of ENMIN, will be

neqlected.

(2) VLF/LF - Tabular Electron-Ion Density Profiles

When the particle density profiles are in tabular form,

the top and bottom of the profile ma~y L-e cut off using the following cri-

teria, as presented in reference 4. Here the particle profiles may consist

of ions as well as of electrons.

The (isotropic) squared index of refraction is written as:

n2(Z) = l - A - jB (14)

where
A = Ae + A+ + A

B = Be + B+ + B_

or

Ne 2  N+e2  N e2
iMemo[C 2+V2 M+eo[ 2+v+2 ] 2 .(5

Ae A+ A-

and

B Ve A + vA + VIA (16)
e  +

with the identification that

, e = electron-neutral particle c\"lision frequency (s- )

v v+ = positive ion-neutral particle collision frequency (s-l)

L -v = negative ion-neutral particle collision trequency (s")

Ne = electron density (cm-3)

N+ positive ion density (cm3 )

N negative ion density (cm-
3

ALI



= frequency (radians s-1 )

me = mass of the electron (kg)

m+ = mass of the positive ions (kg)

m. = mass of the negative ions (kg)

Co = permittivity of free space

The top part of the ionospheric profili which may be neglected in

the calculations is defined as that altitude(z) above which:

B(z) > Maximum (TEMPO-B, 20 2- ) (17)
Ve

where 'TEMPO-B' is assigned a value (e.g., 2.0).

An additional requirement for cutting off the top of the profile is

that the electron density must be as great as 'TOPEN'. The variable 'TOPEN'

is assigned a value (e.g., 1000 electrons/cm 2). The top of the profile is

taken to be the higher of the two heights corresponding to 'B' (equation

(17)) and to 'TOPEN'.

The bottom of the input ionospheric profile is neglected (for VLF/LF

1 cases) at those altitudes for which the computed value of B in equation

(16) is less than 'CUTOFF'. The variable 'CUTOFF' is assigned a value (e.g.,

0.0001). The relationship for cutoff is:

B(z) < CUTOFF (18)

(3) ELF Tabular Electren-lon Density Profiles

In the case of ELF the profile top and Lottom are not cut

off and the complete profile is used in the calculations.

E. Integration of the Differential Equations for X (R+ 1)/C

Through the Ionosphere

The differential equations for the ionosphere reflection matrix,

R, are given in reference 5.

12
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The differential equations are of the form

dR/dz _ ik/2 s(21) + S(2 2)R - RSOI) -RS(2) (19)

where z is the height variable and S(kl) are 2 X 2 partitions of a 4 X 4

matrix given by:

T11+ 44 +T1 4 /C+CT 4 1  -T12 /C-T4  -T11 +T4 +T 4 /C-CT 1  -T12 /C-T4 2

-T31 -T34 /C C+T 3 2/C T3 1 -T 34/C -C+T. 2/0C
S =. . . . . . . . . . . .-- --- --- -- -- -- --- ...............................- (20 )

-T11+T 4 4 -T14 /C+CT 4 1  T12 /C-T T11 +T44-T14 /C-CT41  T12 /C-T4

T;; I +T3 4 /C C-T32 /C -T31 +T34 /C -C-T3 2 /C

where

C = cos 0
(21)

0 = complex angle of incidence (deg).

Theintermediate matrix T relates the electromagnetic field components to

their derivatives. In turn, T is defined in terms of the susceptibility

matrix M:

where T is defined as

AM SM32  (0) 2M
(- ~ lM3/Q+M 3 3 / '+M3 3,

_ I
(0) (0) (1) (0)

T (22)

(Q+33 3 '.A (C+ 2... 2 1+ (0) +M3 3)

A+M1, *. ~ (~A M M2) (0) (1M)L\ -/' \ '''" / \ .... j.

where S sin (e).

13



Finally, the susceptibility M matrix is defined as

(U2-22Y2-2(H-z)/r ) (-jUnY-RmY2) (jUmY-QnY 2 )

M P (jUnY-kmY2) (U2 -m2y2-2(H-z)/re) (-jUQY-mnV 2) (23)

U(U
2-y2)

(-jUmY-PnY2) (jURY-mnY2) (U,2-n2y2-2(H-z)/re)

where

j:-

p 
2

U 1 j(V/o)

Y= [om.w henrys

om = magnetic gyrofrequency (s-l)

= plasma frequency (s-l) (24)

£= cos Os a

m : cos eD sin

n -sin D

v = collision frequency (s-1)

= wave frequency (s-l)

[t= free space permeability (henrys/m)

eD = magnetic dip angle (deg)

re = earth's radius (km)

H = altitude where the index of refractinn is unity (km)

pa: direction of propagation east of magnetic north (deg)

z = altitude (kmi)

The matrix M described above is general in that it represents a single

ionospheric constituent. Three species are considered by this model:

electrons and positive and negative ions. Thus for each species there will

14



be a matrix Mi, and toe ,dtrix elements needed for computing the T matrix

elements are found from:
3

M =i> M (25)

Earth curvature terms have been added to the diagonal elements of M, by
the terms -2('.-z)/r e *

Equation (19) may be rearranged to form the following differential

equatiens for X =(R + 1)/C, (see Equation (8)), giving:

dX -ik
= BA+ BX+XC + X D X (26)

where k is the wave number, z is height, and

s12 Ic 4T41

A= (S 2 1 - S22 + SII - S=2)/C ) (27)

CT -T4 )

B= S22 + 1 2 (28)

c = = 2 (T44=- CT4 1  -4) (9

0 -C

C :S -SI + S12  2 \ TjI-C4 (29)
T31 -C

; /(I-T14) - TI,4+C 2T4 I T12 + CT4

i D =-C §S12  C (T ................. ..... ............ (30 )

- CT31 + T34  C2 - T32

Equation (26) may be integrated numerically by the Runge-Kutta method.

The integration is carried out in' the direction of decreasing ionospheric

height. Error testing is based on comparing the results of integrating

through a height interval with one Runge-Kutta step with the result of in-

tegrating through the same height interval using two steps. If the differ-

ence is greater than a specified tolerance, the step size in that interval

is cut in half. The initial set of integration steps is taken to be the

input profile segments. However, the integration steps used in one inte-

gration are taken to be the initial set of steps for the next integration.

15
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Note that since the elements of 7(O) are complex, the integration is that

of eight real coupled differential equations for the real and imaginary

parts of the elements of X(e).

The classical procedure of assuming a semi-infinite homogeneous iono-

sphere at the top of the profile is followed. The solution for reflection

from this semi-infinite medium is taken from referenze 6 and is used as

the starting solution for the integration.

This method of integration is identified as the "full-wave" proce-

dure for obtaining ionospheric reflection coefficients. The values ob-

tained from the integration are denoted as X(OTi b' where z=b is the lower

cutoff height of the integration.

F. Integration of X = (R + 1)/C Through Free Space Over a Curved

Earth

As was stated in Section II, C-5, the general root-findingV
algorithm used to locate the zeros of F(9) requires that there be no poles

in the vicinity of the zeros to be found. This requires that there be no

poles in X = (R + 1)/C in this region of the 0-plane. This can be assured

by integrating X from the bottom of the profile upward through free-space

over a curved earth to an effective "reflection height", defined by the

condition

I2
4 42

L E 4dX(oT) - Minimum (31)

0-points elements dC

*.~~(b'~ 4kg ,mrn4r n 4c +k 4 -P 4..... ele.,en+.- ^f V -.. A a,, *s -,4- of. .. ,..
I'l VuI L lu V %1V 16

(e.g., E)Ti i 
= 1,2,3,4) in the 0-plane distributed over the region in which

zeros of F(0) are to be located. This condition is also appropriate for

defining a level at which Lagrange interpolation can best be performed.

16



In practice the set of points (9Ti) are used in defininj the "effective

reflection height" and these are taken to be the "given" points in the

e-plane used for Lagrange interpolation.

As in previous waveguide formulations, e.g., reference 1, the earth

curvature effect is approximated by assuming a dielectric medium which

varies linearly in the square of the refractive index over a flat earth.

Considering the usual right handed cartesian coordinate system,

where +Z is taken vertically upward, formulation for such an integration

from the bottom of the profile at "Zb" to another height "Zt", can be ob-

tained following reference 7. The derivation of the equations is given

in Appendix B. The final equations are listed and discussed as follows.

Just below the free space-ionosphere boundary (e.g., Zb), let the

total electric wave field be composed of two upward (e.g., +Z direction)

traveling incident components and two downward traveling reflected compo-

nents. They are defined by Ei and E respectively. E is in the
lly Ell,y

X-Z plane and Ey is parallel to the y-axis. The total-field components

just below the boundary are given in reference 7, page 118 as

Ex : (Ell - l cos

Ey E + Er

Ey y r(32)

Hx (Er - El) cos I

y y

Hy E 1 + E'I

where eI is the angle in the x-y plane which the incident wave normal

makes with the vertical z axis. The following identifications are made:

17



IRI = Er/Ey

y Y

RI = Er/E 1

II=Er /Ei 
(33)

1Rg = Er /El
r i

Equations (32) and (33) are combined with the differential equations to be

satisfied by the wave fields at oblique incidence (reference 7, pp. 140),

to give two independent sets of relationships. Either of these sets of

field variables may be set equal to zero without affec.ting the other, so

that the corresponding waves are propagated itidependently.

For the first set of equations the electric field is everywhere

parallel to the y-axis and the waves are said to be "horizontally polar-

ized". For the second set of equations the electric field is parallel to

the X-Z plane and the waves are said to be vertically polarized, although

the electric vector is not in general vertical.

The equations become (as derived in Appendix B):

For Horizontal Polarization:

(-A/C)hI(c) + (-B/C)h 2() + Ei(RL&L- + 1) + Ei (IIRI_) 0 (34)
y 11 C

(-A/C) chl()+ Kh;(4)J + (-B/C) {ch 2() + Kh2( )} + 2Ey = 0 (35)

For Vertical Polarization:

(-O/C)hl( ) + (-G/C)h2() + El(DRII 1) + E0 ( )o (36)2 11 C y

(-Q/C) Chl(c) + [Khl( ) + Lhl(c)]/n2J+

(-G/C) ch2(O) + [Kh2( ) + Lh2()]/n2J+ 2E 1 = 0 (37)

18



The coefficients A, B, Q, and G are arbitrary constants to be determined.

The functions hl() and h2(c) satisfy the differential equation

2w +w 0 
(38)d 2

and are the modified Hankel functions or order 1/3 (e.g., hl( ) and h2(;))

as defined by the Computation Laboratory at Cambridge, Massachusetts (ref-

erence 8). The primes on these quantities denote derivatives with respect

to the argument. Also

(k/a) 2/3 [C2 + a(Z-H)] (39)

C = cos(e)

a = 2/re

k 27/k (40)

K = i(a/k) I / 3

L - i(a/2K)

i: T

where

H: is the altitude where the index of refraction is unity.

X: is the free space wave length.

n: is the index of refraction of the medium.
re: is the radius of the earth.

Note that the R terms may be written as:

- + 1

- , - = I.I.+ 11-1 C "

". ± IIX_- = C (41)

~C
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The "effective reflection height" is found by integrating X(0) up-

ward to heights at, say one kilometer intervals above the bottom of the

profile. That height at which the minimizing condition, Equation (31), is

satisfied is the "effective reflection height". "rhis height is chosen as

the reference height, "d", used in classical waveguide theory as the height

at which R and R (i.e., X, n, and d) are computed and as the height at

which Lagrange interpolation is performed. For evaluations of F(e), Zt is

then always taken to be at z=d.

The upward free space integration of the ionospheric X(e) parameters

is carried out in the following steps.

STEP I:

Two sets of boundary conditions (B.C.) are applied to equations (34),

(35), (36) and (37) at the Zb level. These sets are

SET I: E 1  1, E, 0

SET II: El = 0, E' = 1
11 y

Here X(e) is the result of the Runge-Kutta integration of Equation

(26) at what will be denoted as thp "From level", ("f"). Where

f= (k/a) 2 / 3 [C2 + a(Zb - H)] (42)

For Horizontal Polarization at the "from level" (Zb), the B.C. give:

For B.C. SET I:

(I= -Xf M(22,

-T)I (43)

B ~ a 2 1 (44)
)I =-- l

~20



For B.C. SET II:

A) (f -22A (45)

(2all - IXf a21 )/Al (46)

where

al = hl( f), a12 = h2 ( f)

a21 = Chl( f) + Khl( f)

(47)
a22 = Ch2(;f) + Kh2(zf)

Al = 11 a 22 - a21 a12

For "ertical Polarization at the "from level" (Zb), the B.C. give:

For B.C. SET I:

(Q/C)I = (1X- " a22 -
2a12)/A2 (48)

-Tf .(49)
(G/C) I = (2a, I X II• a21)/A 2  (9

For B.C. SET II:

(Q/C) j11  a22  (50)

a, -i x-fll •  21 ( 1
(G/C)II (51)

A2
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where:

all = h1(cf)' a12  h2( f)

121 = Chl(f) + [Khl(cf) + Lh( f)]/nf (52)

a22 : Ch2( f) + [Kh2 (,f) + Lh2(cf)]/n

1,2 = a11  a22 - a21 a12, n2 = 1 + a(Zb-H)

,62 f

STEP N1:

The values of EBl and E' at the "to" level (e.g., at the height Zt)

are determined from the values of the coefficients; A/C, B/C, Q/C, and GIC,

for the SET I and SET II boundary conditions.

Here the parameter at the "to" level will be denoted by:

= (k/a) 2 i' [C2 + a (Zt'H)] (53)

For Horizontal Polarization at the Z "to' level the results are

l= ((I " a21 + B * a22)/2 (54)

((E) a22 )/2 (55)

A B

where

a21 = ChlIlt) + Khlt),

a22 = Ch2 (ct) + Kh2 (t) (56)

K : i(c /k 13  J
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For Vertical Polarization at the Zt  to" level the results are:

((E=)t)I  ((Q/C) I * a21 + (G/C) I • a22)/2 (57)

((El (Q/C)I a21 + (G/C)II - a22)/2 (58)

where

a21 =Chl( t) + [Khi( t) + Lhl(Ct)]/n1

a22 : Ch2( t) + [Kh2( t) + Lh2( t)]/n2 (59)

L = i(,-), n4 = 1 + (Zt -H)

STEP III:

Knowing the values of

((Elll)t)I IIand ((E )t)i II

at the "to" level from sets of the coefficients A/C, B/C, Q/C and G/C

the elements of the ionospheric - (i.e., R) can be found at the "to"

level.

For Horizontal Polarization at the "to" level the results are:

S(ll t = [VI((E,)t)II " V2((E,)t)I]/W l  (60)

=(17)t [V2((EiI)t)I - VI((E I)t)IIJ/WI (61)

here:

W, = (E1 .) , ((E)+).,. ((EI)t T T ((E i)t)T

V1 =(A)I hl (t) + (B)I h (62)

V2 :(A)II hl( t) +(P)II h( t)
C (TII

23
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For Vertical Polarization at the "to" level the results are:

(l-)t= LVI((Ei)t)II V2((E,)t)I]/W2 (63)

(-II)t = [12((Ell)t)I - VI((EI)t)II]/W 2  (64)

where

W2  = ((Ell)t) I •- ((E )t) II - ((E l t I " ((yi)

V1 = (Q/C) I hl.( t) + (G/C)I h2(t) (65)

V2 = (Q/C)II hl(Ct) + (G/C)II h2(zt)

Thus having the values of the ionospheric reflection coefficients

X(O) at Zb the resulting values of these terms at the height Zt=d are ob-

tained by applying the minimizing condition, e.g., so that the function

F(O) may be computed in a form where poles are absent.

The values of the terms RII, 1R1 , uRj and 1Ru at height Z may be

obtained from the results of the above equation in terms of Y(E) by the

relations of Equation (41).

G. The Ground Reflection Coefficient MatricesLThe ground reflection coefficients (e.g., pRH and jRj.) are

needed in the computation of the F(O) equation. The particular form of

these coefficients, as used in the MODESRCH procedure, is identified by

the ratios given in Appendix A by the equations A-9 and A-10.

2
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JjfLEL = CR +1 (66)
Ido iiRU C

n = i + (67)
Ld, 171C

The equations needed to determine the values of IIRII, jRj (in terms

of 1n1, Lnj, udi, and idl) at a reference height "d" may be obtained from

equations of Section F.

Needed substitutions to those equations are:

Z = 0 for Z = Zb

(68)

f f
k1711) =(~iI) 0

21'"0 + 1 = (.IL) for (11X-1b (69)
C, CRoI do Z=Ob

1* '1+ 1 ( (..l.) for (jjK9b (70)
SCR31 Id.i Z=O

Where the Fresnel reflection coefficients for the ground-free space inter-

face are

Cn 2  2 S2

,w n2 (71)
Cn2 + n _

and

S2: , C ,9 (72)
SC + /n2  S2

with

;;n 2 (73)



and

s = dielectric constant of the ground.

a = conductivity of the ground.

(o = angular wave frequency.

C = cose, S = sine.

Well behaved forms of (-n)N and (Idl) O at the "from"

level (e.g. Z = 0), are derived in appendix C, and are given as:

[ \\n2 _ Slnl = 1ildll = 2 C - n2
9(74)

S'1 1 (Cl n
Si =  idi (C fn -a 2 ,n1  ) S2

g

At the "from" level (e.g., z=O), Equations (45) and (46) become:

For Horizontal Polarization:

(A/C),, (.n,,. a22 - 21di a12)/(Al * 1dl) (75)

(B/C)II : (Z ,id, all in, . a21)/(A1 *dj) (76)

where:

all hI( o), a12  1
a = PL I + .V , C : (I, /.I2/3 rr2 _ .w1 (77)
a2 1 ,h1 1 (6o )+K 0 e

SCh 2 ) a 2/ra22 2o) 2 e )

1, = all1  a22 - a21 ° a1 2
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For Vertical Polarization:

Equations (48) and (49) become:

(Q/C)I = (nR* a22 -2 ud o a12)/(2 d) (78)

(G/C)= (2 o Rdll ,al - 1n1 • a21)/(A2 ld) (79)

where:

a11 = hl( o), a12 = 2(to

a((Kh 7( )/2 (0a21 = Chl(t o ) + (t o ) + Lhl(o))/n2  (80)

22a22 : Ch2( o ) + ((Kh 2( o) +Lh(o/n

A2 = a,, a2 2 - al ,21 a n- 1 2, n 0 1 - %H

At the "to" level (e.g., z=d), Equation (55) becomes, for

Horizontal Polarization:

((Ey)d)II = ((A/C)II *a 21 + (B/C)II-a 22 )/2 (1)
iy

where

a2 1 = Chl( d) + Khl ( d)

td [(ka)2 /3 IC2 + a(d H)j (82)

a2 2 = Ch2 (%d) + Kh2 (td)

and Equation (57) becomes, for Vertical Polarization:

((E (Q/C) a2 1 + (G/C), a22)/2 (83)

whprp 
Idl (/~ 12

a ;h /n 2

4 a 2 1  Chl(td) + IKhl(td ) !" 1('td)j } (84)

a22  n2(.tj) + 1K2( d) + Lh2(41d)Jn2!

n= 1 + (d -

d
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At the "to" level (e.g. Z = d) define:

N z=d IId +h

and

Ij I ( NL (86)
lI z=d IDI

Equations (61) and (62) for Horizontal Polarization give:

Ij = (A/C),, hl ( d) + (B/C)I1 h 2(td) (87)

D,= my'd)I (88)

and Equations (64) and (65) for Vertical Polarization give:

N = (Q/C)1 hl(td) + (G/C), h2(td) (89)

D, = ((E'l)d)I (90)

The results of Equations (87) - (90) can be rearranged by reference

to Equation (10)

where

JL!JL II lLJ
gD C

and

±N.. _ + /-L

1D1
to give explicit expressions for (UfRkd and (.LId as

(,Ri)d = l _ - D (91)
C(J dd N, 1 CIND - IID I

and

(R) d 1C (,INJ.1 (92)

lid c(NDA)_l C1NI -DjD
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Inspection of the equations will reveal that NK, I Do, LN, and

1D1 contain no poles for any finite value of e.

The resulting equations of this section are equivalent to those

given in reference 9.

H. Excitation Factors, Height Gains and Auxiliary Functions

(1) Excitation Factors

The modal excitation factor and the nodal height gain

functions are two parameters needed in computing electric field strengths.

The excitation factor formulas, as presented in reference 10, are summarized

in the table 1. The column headings only apply to excitation of the electric

field components Ez, Ey and Ex and the row headings apply to excitation by a
vertical dipole (Xv) horizontal dipole end on (XE) and a horizontal dipole

broadside (XB). The direction of z is taken positive into the ionosphere.

Positive x is the direction of propagation and y is normal to the plane of

propagati on.
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Table 1 - EXCITATION FACTORS

Field EE E
Component

Exciter

4 , -B, jjR±O1+,' dO(+j) B 1 +1 1)(-R 1 )kV B, " - T
R, D - $ D12 S iji D

() 4 R1 )( 1  R1)I B2 ( 1R1 41 - 111  B12  R I - R
B B , D12  DS I

The R and RPs are the elements of the reflection matrix looking into

the ionosphere and towards the ground from the reference level "d" within

the guide.

The reference height "d" is that value where solutions to F(8) = 0

are determi:ed.

B, and B. are given by:

B1  = S5/y LFI  (93)

B2 :=- BI/S (94)
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where S is the sine of the eigenangle and the denominator is the derivative

of the modal equation (i.e. eq. 7) at an eigenangle, e.

The definitions of the Dij's are given in the next section.

To compute electric field strengths the excitation factors must be

supplemented with definitions of the height gains.

(2) Height Gain Terms

The height gain relationships at height Z are described

below.

From Equation (39):

= (k/a) 2/ 3 [C2 + a(Z- H)] (95)

At any height Z.

The height gain for the vertical electric field (Ez) is f, (z) and is given

by:
fl (Z) = [(Q/C)I hi( ) + (G/C) h2( )] exp[(Z - d)lI/rel  (96)

where d is the reference height for solving F(O) = 0 for the eigenangle

and where (Q/C)I and (G/C)I are given by Equations (48) and (49) respec-

tively. The term "re" is the radius of the earth.

Also, the height gair for the horizontal electric field component

(E ) narmal to the plane of propagation at height Z is given by:

f, (Z) = [(A/C),, hi( ) + (B/C)II h2 ()] (97)
where (A/C)TI and (B/C)TI are given by Equations (45) and (46) respectively.

The height gain for the horizontal electric field components (Ex) in

the plane of propagation at height Z is given by:

1 d

L~-i
; 1,2 1/3'

i g(Z) =-i exp (Z ) d al  [(I) h l, ( ) + (GIC)I h2 ( " )

S+ (aT) [(Q/C) I hl( ) + (G/C) I h2(") (98)



At height Z = d (i.e. the reference height) the argument is:

td = (k/I) 2 / 3 [c2 + u(d - H)] (99)

and

D11 : f(d), D12 = fl (td) f,(d) (100)

D22  '2(td)

(3) Modified Excitation Terms

Various combinations of the modal excitation factor and the

height gain function are required for computing field strengths by different

mode-sum programs. Reference 11 is an example.

Table 2 illustrates the case whee the excitation factors as

described in Table 1 and the height gains .rom Equations (96), (97) and

(98) are lumped together and defined as modified excitation factors. Tabie

2 illustrates combinations obtained for computing the vertical electric

field (E z). These particular combinations will be discussed further in

Section V-C-2 for the option NPUNCH = 7.
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Tabl e 2

Excitation Factors for Computing the
Vertical Electrical Field (E )

Vertical source:

(1 + .)2 (1 - RR)
XVZ = Bj " f, (Zt) f, (Zr)

Horizontal broadside source:

X j.Rt(l +IR2) (1 + *'l fL(Zt) " fi(Zr)XBZ =D 12

Horizontal end-on source:

(1+ 2

XEZ = (I - tTIIRi) • g(Zt) fl (Zr)

Zt is height of the transmitter and

Zr is the height of the receiver

The excitation factor usually considered is the vertical component

of the electric field vector for vertical receiving and transmitting point

dipoles, where both receiver and transmitter are at the ground (e.g., z = 0).

The excitation factor Xvz is denoted in this case by X0 . Wait's excitation

factor is computed as Ao -.5ikhrXu where k is the wave number in km"

*h r is REFLHT and i =:-T

S(4) Fast Mode Conversion

hr Reference 12 presents equations and a computer program for

calculating the vertical electric field strength at a receiver by the pro-

cedure of mode conversion. An input parameter required for these calculations
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is denoted as 'FOVR'. The mode conversion program requires that the ref-

erence height used for computing ionospheric and ground reflection coef-

ficients be at the ground (i.e., z=O).'.4
The reference height used in the MODESRCH computer program is at

some height "d" (d O). Therefore the equation needed to obtain the re-

qu iired 'FOVR' term is given by"

(I + ..R Iffl) f, (d)
FOVR = I

(1 + IR,)(IR1 Lffl) z=d f (d)

(101)
(1 + 1RR)("Ri nlf)_ fl,(d)

or (l + R)(1 - IRI jR1) fj(d)

z=d

I. Use of Lagrange Interpolation

The general root-finding algorithm, (section III), used to lo-

cate the zeros of a function, f(O), requires that values of f(e) and its

derivatives wrt 0 be available upon call for any value of 0 in the region

of interest. In Section F a criterion was given for choosing a reference

height, 'd', so as to minimize the variation of - = (R + 1)/C wrt 0 there-

by placing the dominant waveguide effects into n and d (i.e., into T).
(See Equation 7.) On the other hand, far more computation is required to

evaluate Xthan to evaluate n and d. This suggests the utilization of an

approximate representation of X to be used within the general root-finder,

and then following the zeros, of f(0) (see Fquation 7) to their locations

which will be consistent with the exact formulation for X.

The general root-finder requires that the function f(0) be analytic

with no poles and therefore an approximate representation of X must be

-.nalytic with no poles. A polynomial representation has been chosen,

which can be represented by the Lagrange interpolation formula
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X(e)p x = 1n (n 8) pi and X(ei)

ONO approx. il k-1 where i n (X (102)

k~i k i_'Xk)

kfi

where (e.) are evaluations of X using the exact formulation for Xat n

selected angles, 0i, distributed over the O-plane in the region of in-

terest.

Since F(O) (see Equation 7) in both approximate and exact (com-

plete) forms is analytic with no poles, each zero of F(O)approx. may be

followed uniquely to a corresponding zero of F(O)exact . The continuous

transition from one to the other may be represented, for example, by

F(0) = F(e) - cos2 P + F(e) . sin 2  (103)
comb. approx. exact

with p varying continuously from 0 to 90'. In practice P is incremented

in .7inite steps with a Newton-Raphson iteration at each step. How far the

zero of F() "travels" in the 0-plane as p is varied from 0 to 9(mdepends;

however, on how well F(8) (i.e., X(e)) is represented by the Lagrange inter-

polation. It is possible, in principle, that a zero may travel from the

region of interest to infinity, or vice-versa. There are no guarantees
and although, in most cases in the VLF and LF range, the use of Lagrange

w
interpolation may save on computation by an order of magnitude, it never-

theless represents the "weakest link" in formulating a self-contained mode

search. In some cases, especially in the ELF range, it is necessary to

use the (exact) formulation for F.

J. Comments of the Differentiation of F(O) wrt8

The excitation factor components given in Section H require the

computation of the derivative F(O) wrt 0 for each eigE.,-value of 8. In
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addition, the general root-finder, (section III), requires, in its later

stages, some evaluations of dF/dO, and the following of zerr. by the use of

Newton-Raphson iteration described in Section I requires computation of

dF/dO. Traditionally this derivative has been evaluated by computing F at

two closely-spaced values of 0, using a large number of significant digits

in the computation. An alternative is to analytically differentiate F,

which implies analytic differentiation oft, n and d. This alternative

was chosen for the mode search program.

Note that differentiation of the numerical (Runge-Kutta) integra-

tion described in Section E is performed by the same type numerical inte-

gration, with the integrand analytically differentiated wrt 0.

In certain sections of MODESRCH where F(O) is computed in terms of

Lagrange interpolation, the formulation of the derivative wrt 0 is given

by

dF(0) n-l 1 n~~ p
dFo_)= 1 V- (F(O)-Fk(E)I P + P (104)

i=l j=i k=l
k i
k/j

where

Pt = F(O2)

n(x

k=l
kft

and n is the numbet of points.

36



III. THE GENERAL ROOT-FINDER

There is a need to formulate a procedure to determine the complex

zeros of a complex function. For the method presented here, the search for

such zeros is based on the fact that the lines of constant phase of any

complex function, F(O), may be discontinuous only at points where F(0) = 0

or F(e) -. The function F(O), to be discussed, is such that it contains

no poles and only F(() = 0 is considered. Also, the lines of constant phase

around F(O) = 0 progress only in a counter-clockwise direction.

Let:

F(e) = FR(or,ei) + j Fi(er,ei) (106)

where

*0 = Or + JOi

Also R r i  + FF(r,ei) 2] I/ 2eJ (107)

* 'where

0 = tan -1(FI(E) (108).\F FR(GrO i )

and

FR(O) is the real part of the complex function F(O)

Fi(e) is the imaginary part of the complex function F()

Fr is the real part of the complex number (0)

0i is the imaginary part of the complex number (e).

If F(O) has no poles, this implies that the line of any particular

constant phase value 0 = 0c. radiating trom a zero of F(e), must cross a

closed contour containing that zero at least once. Furthermore, no other

zero of F(O) may be on this phase line. These relations are illustrated

in Figure 2.
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Figure 2. Constant Phase Lines of F(O).

A line of constant phase (e.g., 0 = 0 ) which crosses the contour
c

may be followed inward until it leads to a zero of F(E) or until the line

again reaches the contour.

The p- cedure is as follows.

(A) Let c = 01 (or 180°), thi implies that (109)

FI (Er,8i) = 0

Also let Oc = 900 (or 27P), this implies thatF. FR(@rl(i) -0 (110)

(B) Construct a "contour rectangle" in the complex 0 plane. Denote

the corners of this rectangle by:

TRIGHT - value of real part of Theta at right edge of rectangle.

TBOT - value of imag. .art of Theta at bottom edge of rectangl

TTOP - value of imag. part of Theta at top edge of rectangle.
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Define the following parameters:

TMESH - equal to about half the average spacing between zeros with-

in the rectangle.

TOL -tolerance to which zeros are to be found.

If two zeros are closer than 'TOL', the zeros will not be found by this

method.

(C) Divide the 'contour rectangle' up into small mesh squares where

the dimensions of the squares is such that the length of a side is smaller

than the average separation of the zeros of F(O) (e.g., size of a mesh

side = 'TMESH').

(D) Normalize the value of the corners of the "contour rectangle"

into mesh units. The corners are then denoted as JLT, JRT, JTOP, and JBOT.

That is O's for the "contour rectangle" are:

[1 OI at left edge: JLT = TLEFT/TMESH

02 at right edge: JRT = TRIGHT/TMESH

83 at top edge: JTOP = TTOP/TMESH

0 4 at bottom edge: JBOT = TBOT/TMESH.

(L) Figure 3 illustrates the rectangular region of the complex E-

plane within which the roots of F(O) = 0 are to be found.
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JLT, JTOP A6 RT, JTOP
__,,,___ - - - - I L*L(

I_ I _

JLT, JBOT JRT, JBOT

Figure 3. "Contour Rectangle" with "MESH" Squares.

In the above example all the axes are marked with tic rarks, with

spacing AO = TMESH. The mesh size within the rectangle is equal to

TMESH.

In the above figure, JLT = 6, JRT = 20, JTOP = 1, JBO =-3.

Since some "slop" occurs at the rectangle boundary, the limits of

the rectangle are made one TMESH larger on all sides than actually de-

sired.

TMESH should be no larger than about one-half the average spacing

between roots.

(F) The procedure then is to examine the character of F(O) in a

counter clockwise direction around the contour rectangle (see Figure 4).

Intermediate steps of investigating mesh squares are also carried out in

a counterclockwise direction. Again see Figure 4.

40



- i_____ *..Side ® _

Side MESH MESH 
0r

S 14 edge )

MESH MESH edge MESH 1 edge

MESH MESH edge Side
3 ~ 6- -_

Side Q®)

Figure 4. Directions for Determining Zeros of F(e).

(G) Consider an individual mesh quare (e.g., mesh no. j). The cor-

ners of the square may be labeled in terms of F(Or , i) where each edge is

one-mesh unit in length. Figure 5 illustrates normalized coordinates of

the mesh.

F(O,1) edge 4 F(lI) ,)

MESH

edge edge

1 3 1 MESH 0r
UNIT (i.e. TMESH)

F(O,0) edge :(l,0)
2

Figure 5. Normalized Coordinates of Each Mesh Square for F(e ,ei).
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Note that for each unit mesh square the lower left hand corner is taken as

the reference position.

A basic assumption put on F(O) is that FI(O) and FR(G) are to be

linear along each edge of a mesh square.

The coordinates of the corners of mesh square No. 1 (see Figure 4)

are given by:

F(O,l) = F(JLT,JTOP)

F(O,O) = F(JLT,J'roP-I) (11)

F(l,O) = F(JLT-1,JTOP-I)

F(I,l) = F(JLT+1,JTOP

All other squares are identified by increasing or decreasing the er and/

or Oi coordinates by increments of 1-mesh unit.

(H) The root-finder procedure continues as follows. First, mesh

square No. 1 is examined. The values of Fi(O,l) and FI(O,O) for mesh edge

No. 1 are computed. If the signs of these two values are identical, there

can be no line with constant value of FI(O) = 0 passing through this edge.

Next, investigate mesh square No. 2 (see Figure 4). Compute the values

of Fi(o,l) and FI(0,O) for this mesh square. The value of Fi(0,l) for

mesh square No. 2 is identical to that of FI(O,0) for mesh square No. I,

however, the value of FI(0,O) for mesh square No. 2 will be a new value.

The coordinates of mesh square No. 2 are identified by:

F(O,i) = F(JLT,JTOP-l)

F(0,0) = iIJLT,JTOP-2)
(112)

r11 n% = 1(.llT4. .1TflD_9)

F(l,l) = F(JLT+I,JTOP-1)

If the signs of Fi(0,l) and F(O) for mesh square No. 2 ae oppo-

site, this implies that the line FI(O) = 0 enters mesh square No. 2 some-

where along edge No. 1. Because of the linearity assumption of F1(0) along
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the edge of a mesh square, the intersection between the edge and the con-

stant phase line FI(e)=O is (as shown in Appendix D, ec. 13) to be at:

S0 =F(O,O) (113)

0 is identified as ENTER-Rr4 is identified as ENTER-I

(1) It has now been determined that the constant line Fi(e) 0 has

entered mesh square No. 2. The problem is to find where this line exits

from the square. Also it must be determined whether a ze'o to F(E) lies

within the mesh square. Several tests must be made:

1) Computations are made to obtain the values of FI(l,O) and Fi(l,l)

for mesh square No. 2. At this point valpes are known for Fi(o)

at all four corners of mesh square No. 2.
2) Test for there being two (hyperbolic) lines entering and leav-

ing the mesh square along each line of which FI(G) = 0,

(a) If only one line, the parameter LTWO is set to zero.

(b) If the values of FI(OO) and Fi(l,l) are each -reater than

zero; and the values of F 1(l,O) and Fi(O,l) are each less than

zero then there are two hyperbolic lines of F1(O) = 0

entering and leaving the mesh square. Thib condition is

illustrated in Figure 6.
FI (Ol) = F 1 ,) +

- HYPERBOLIC
N ]BRANCH CURVES

FI(O,O) - F(l,O) -

Figure 6. Hyperbolic Branch Curves of Fi(O) Within a Mesh Square.
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For this case, the parameter "LTWO" is set equal to 1.

(c) Also, if the values of FI(0,O) and Fi(l,l) are each less

than zero, and the values of Fi(l,0) and Fi(O,l) are each

greater than zero, the result is identical to (b) above.

3) Test for there being at least one hyperbolic branch line enter-

ing and leaving the mesh square along which FR(O) = 0.

(a) If the values of FR(O,O, FR(OI), FR(,O) and FR(l,l) are

all of the same sign, then there is no line of FR() = 0
passing through the mesh square and the variable "190" is

set to zero.

(b) If the condition of (a) above, is not met, then there is

at least one branch line entering and leaving the mesh and

the variable '190' is set equal to 1.

4) Test to see if there exists The conditions for the presence of

hyperbolic lines at both FI() = 0 and FR(O) = 0 within the

mesh square.

(a) If the condition is not present (e.g., "LTWO" is equal to

0 and "190" is equal to 0 ) then determine which mesh

edge (e.g., 2,3, or 4) where the original entry line exits

and proceed with an analysis of the appropriate mesh

square, For example, as can be observed from Figure 4,

edge No. 2 leads to mesh square No. 3, edge No. 3 leads

to mesh square No. 5 and edge No. 4 leads to mesh square

No. i .

The line FI(O) = 0 is followed continuously from mesh to mesh until

the line exits from the "contour rectangle". When this occurs, the value

of the leading edge (counter clockwise direction) of the mesh square,
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through which the Fl(e) = 0 line exits, is noted. By identifying the mesh

square, in which this line exit occurs, it is possible to later avoid re-

entering this mesh square through this exit edge while following along

the outer edge of the "contour rectangle". Figure 7 illustrates this situa-

tion. Note that it is possible that a solution to F(e) = 0 will be found

as the line Fl(e)= 0 progresses through the various mesh squares. This

case will be discussed in the following Section (b).

The next step after exit from mesh square No. k is to examine mesh

square No. 3 for intersections of the line FI(e) = 0 on edge No. 1 of mesh

square No. 3.

(b) If hyperbolic lines of both Fi(e) = 0 and FR(e) = 0 do

exist within mesh square No. 2, then the following hyper-

bolic relations are examined.

i':
i er

CONTOUR
- - - - - RECTANGLE
2

3\ -._.

EXIT LEADING EDGE OF
MESH k

Figure 7. Contour Rectangle, Mesh Squares and the "ine FI(0) = 0.
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It is shown in Appendix D that the relationship fsr F(e) based on

a knowledge of F(e) at each of the corners of a mesh square is given by

'F(e) = a + boi + cor + d Ore i  (114)

where

a = F(0,0)

b = F(O,l) - F(0,0)

c = F(1,O) - F(O,O)

d = F(O,O) + F(l,l) - F(O,l) - F(l,O)

These coefficients describe the variation of F(e) within the mesh square

given the values of F(O) at the corners of the square and that a linear

variation exists between val-es of F(e) along the edges of the square.

When FR(e) = 0 (or FI(e) = O),Equation 114 is the equation of an

equilateral hyperbola with vertical and horizontai as,-yptotes.

Now consider the constant phase line FI(e) = 0. From Lqua.tion 114

this is

(ai+bie i) + (di+diei)er 0

or (116)
ai+bie i

r ci+di i

The following equation is also obtained from Equation 114.

(ai+ci r) +(b +d er)o i = 0
i i r i I ri

or (117)

a.,+c-.e..
ei  b _b+di r

The position of the crossings of the hyperbolic asymptotes (which are

parallel to the sides of the square) for the lines FI(e) = 0 are computed

since both lines (hyperbolic branches) may enter and leave the square.
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For the function F(O) = 0 the line of the vertical asymptote is given in

Appendix D as

Or = - bi/d i  (118)

where 6r is identified Ps CENTER-R, while the line of the horizontal asylrp-

tote is given by

oi = - ci/d i  (119)

where e is identified is CENTER-I.

There are two possible points at which there may be crossings of

the (hyperbolic) lines FR(e) = 0 and FI(O) = 0. A crossing point is chosen

to be a zero of the function if it lies within the current mesh square and

if it lies on the hy.nerbolic branch of FI(O) = 0 currently being followed.

Note that in the example being examined the hyperbolic branch line being

examined enters mesh square No. 2 along edge No. 1 and exits along edge

No. 2.

Both Equation (116) and Equation (117) must be examined since in any

given case either form (but not both forms) may be indetern'inate.

Equation (116) may be considei'ed as two equations, that is for real

and imaginary parts of the constants a, b, c, and d:

(ar+bri ) ai+b i  (2= - -( 1 2 0 )e T r (cr+drei) ci+dio i

and, equating the two right hand equations the result is

Pei2 + QlOi + W =0 (121)

where

P1 = brd - bidr

Q= ardi + brci - aidr biCr (122)

W, a ijKW = arCi - aicr
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This equation is solved (see Appendix E) for o. Then, knowing ei, or
can be determined frow Equation (116). In the same manner Equation (117)

gives

- -ar+cror ai+cior 
(123)

Sbbr+drr bi+dier

and equating the two right hand equations gives
2 (0

P2Or + Q26r + W2 = 0(124)

where

P2 = Crdi - Cidr

Q2 = ardi+Crbi aidr - Cib (125)

W2 = arci - aicr

this equation may be solved for er (see Appendix E). Then, knowing er, 6i

can be determined from Equation (117).

If

lIbrdi - bidr<Icrdi - Cidrl (126)

Equations (116) and (121) are solved for er and o. If the inequality of

Eo-uation (126) is not true then Equations (117) and (124) are solved for

or and ei"

A solution of Equations (116) and (121) (or Eq'ations (117) and

(124)) is accepted if it lies within the current mesh square. That is, if

the solution is denoted es or (ors + Jis), then os must satisfy the rela-

tionships

0 > ers <l and 0 > 1is (127)

to be a solution.
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Also the solution must lie on the hyperbolic branch of FI(e) = 0

which is currently being followed. The relationship is that (using Equa-

tion (113) and Equations (118) and 019):

and if (ENTER R - CENTER R) • (Ors - CENTER R) >0 (128)
, and

if (ENTER I - CENTER I) • (eis - CENTER I) > 0

then the solution of F(o) is on the current branch line. If Equation (128)

is not true then the solution es is not on the current branch; however,

the i,,proper solution will be 3elected later when following another con-

stant phase line of FI(e) = 0.

Figure 8 illustrates the case where e is a proper solution to F(e) = 0.

Figure 9 illustrates the case where es is not, a proper solition to F(e)

-0.

If the value e is a solution to F(O) = 0 the line F1(0) = 0 is

followed out of mesh square No. 2 through edge No. 2 into mesh square No.

3 through its edge No. 4 (see Figure 4). The line FI(O) = 0 is then fol-

lowed from mesh to mesh until the line FI(e) = 0 exits from the contour

L rectangle (see Figure 10).

F(OI) i
1i ' F(l'l)

*J"fENTER-ENTER-R -. , E NTER- R

ENTER-If jCL1 IE

: F(0,0) I F(1,0)

Figure 8. e is a Proper Solution to F(e) = 0.
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II

F(0,1) F ,1

k tCENTER-R

ENTER-R \ ER-I
ENTER-I \ ,

F(O,O) \I F( ,0)

Figure 9. e is not the Proper Solution to F(e) : 0.

11

--- 
-; 

.O r

-2 :T:

es- FI(0) = 0

k

EXIT .. LEADING EDGE OF
MESH k

Figure 10. Contour Rectangle, Mesh Squares and Hyperbolic Lines of

FI(O) = 0. es is a Solution of F(e) = 0.
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At this point the value of the leading edge (counter clockwise direc-

tion) of the mesh square, through which the FI(e) 0 line exits, is noted.

This mesh edge will also be along one of the contour rectangle sides. By

identifying the mesh square in which this line e. it occurs, it is then

possible to later avoid re-entering this mesh through this exit edge while

following the sides of the contour rectangle. This is important because

if the search were allowed to re-enter at this location, the same zero

of F(e) would be found twice.

The next step is to examine mesh square No. 3 for intersections of

the line FY(e) and edge No. 1 of that mesh.

(J) The entire contour rectangle is nov; searched, by the methods

described in Section I, so that finally all of the zeros of the function

F(e) = 0, which lie within the contour rectangle, are known. These solu-

tions must be considered approximate; however, in that the hyperbolic ap-

proximation has been used in solving for F(e) = 0.

(K) To alleviate this problem, use is made of the Newton-Raphson

iteration method to remove the mesh approximation where:

- F) (129)

0 e mesh

If two approximate solutions are nearly equal, they may coverge to a

single value after application of the Newton-Raphson procedure.

In order to resolve the two solutions further analysis is needed, Let the

two apprnximate qolutlons be a . and n. .. Consider a set of 9 mesh squares

arranged in a 3x3 formation with the one containing the solution e at the

center. There are 16 corner points associated with the corners of these

squares (e.g. (ex)i, i=l,2,3,..16). The functions F((ex)i) are then computed
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for each of the 16 corners. These values will be denoted as FmeshC ex), The

set of functions given by the following equation are also computed,

Fno ((O)) : F(e) dF[ (e (130)

mesh X, S o e (131)
(i:I,2,3,,,,.16)

The next step is to compute the following function at each of the 16 corners:

Ftotal((ex) i) = Fmesh((ex)i)sin2 (131)
mesh

where 0 is incremented frnm 00 to 900 in whatever increments are required to

resolve the zeros of F(e). Considering the 9 squares one at a time the

hyperbolic equation (Eq. 114) is solved to get 0,1, or 2 solutions in each of

the squares. Only those solutions (eq,j) which exist inside of a given square

are kept. The final solution (e 1 ) is chosen to be that one solution from

the set (e ) which is closest to the original e

The same type of analysis is then carried out for the solution es, 2 , The final

solutions 60, and ep,2 are iterated by the Newton-Raphson procedure to give

the exact solutions. If these two solutions again converge to a single number,

the value of a in Equation 131 is incremented and the entire procedure is

again carried through with the values ep,l and ep,2 replacing the values of

Els,l and es2. Note that completeness (in that the full set of zeros has been

determined) is assured in Steps I and J whereas exact values must await Step K.
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IV STRUCTURE AMD DESCRIPTION OF THE MODESRCH COMPUTER PROGRAM

(A) Program Structure

The MODESRCH computer program finds the waveguide mode constants

of the earth-ionosphere waveguide for radio propagation at ELF-VLF-LF.

These mode constants are determined in the form of modal: eigenangles,

attenuation rates, phase velocities and excitation factors.

The individual subroutines of the MODESRCH program are listed,

in Table 3. In this table, those subroutines are divided into special

sub-groups which are in accordance with their function in the total pro-

gram structure.

Figures 11 through 14 illustrate the structure of the MODESRCH

computer program. in particular, Figure 11 presents the general flow of

the program showing the order in which the various subroutines and sub-

groups are executed. This sequence is indicated, in the figure, by the

numerals 1 through 6. Figure 12 shows the structure of the Ionospheric

Full-Wave Integration procedure. Figure 13 gives the Free Space Integra-

tion Structure along with the structure of the routines for computing the

values of the function F(e) and the derivative of F(o) with respect to o.

Figure 14 illustrates the structure of the Root-Finder procedure.
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TABLE 3

LIST OF PROGRAM

ROUTINES FOR MODESRCH

MAIN FLOW FULL WAVE INTEGRATION

i~1MAI N I NTEG

WVGUID INITLR

PRFL IN QUARTC

SETRH TMTRX

NEOUT SMTRX

NPOUT ENNU

DIFFEQ

ROOT-FINDER ROUT

L. ~ FZEROS

NOMESH FREE SPACE INTEGRATION

FINDF FSINTG

QUAD MDHNKL

F-FUNCTION AUXILIARY ROUTINES

FCTVAL CAS IN

FDFDT CN

FINAL X FER

LAGRNG

RBARS

MDHNKL

54



~______________________L

I~LU
ILC~
IIj

C) a)

V 0)

w
LU CD -

Li. 9 =- D

CD55



IL e
U- t

ea 0

cmo

0.

0 u

4J a

I- V) -. E-
0 0

'U 0

4-)-

V) 0

cm +

NZ

560



4-)

CDC

CD 4 4)

:3 0) 4-

S.-
lu 0

4-) 4-
S-

V :3

) CD C

S-4 LLu - 4-)

o -<
U-L DJC 0 0i~c I- IILU0

S..4-) CD)
V)o 'V' SD'- 4J

0.. Li.. Cm S
LC) LU LI 04 0

w/ r- (1

LU w 4-

u fu

a) I

U-

4- +

57



:1U
II II

1-

US.-

imi

Ce -0

w I-
0 0

IL 0

M 0-

I 1..

I 0)

-

05



(B) Computer Program Description

The function of each program subroutine is listed below:

(1) MAIN ROUTINE:

This routine controls the sequence of input and execution.

It provides for NAMELIST input.

(2) SUBROUTINE PRFLIN:

This routine provides for input of electron density and

collision frequency profile cards and for limiting the ex-

tent of the top and bottom of the electron density profile.

Input of ion profiles is also provided for.

(3) SUBROUTINE WVGUID:

This routine controls the running sequence of the total

~computer program. Specific operations are to:

(a) Initialize the full-wave solution of the ionospheric

integration routines.

(b) If the propagation frequency is greater than 1000 Hz

and the variable 'IEXACT' is set equal to zero, then a

reference height, (RK), is set through the routine SET

RK. If either of the above is not true, the reference

height is taken as zero.

(c) Initialize the ground reflection coefficient equations.

(d) Initialize the free-space integration calculations.

(e) Find the zeros (i.e., eigenangles) of the function F(e)
see" uatn.. N , through +h r-,, n P7FROS lanranae

interpolation is used if the frequency is greater than

1O00 Hz or if the variable IEXACT is greater than zero.

Otherwise, full wave solutions of the ionospheric re-

flection coefficients are computed.
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(f) If the variable IEXACT is equal to zero or the fre-

quency is greater than 1000 Hz, then the use of the

routine FINAL is used to iterate on the eigenangle

solutions of F(e) = 0 as the function is changed from

that using Lagrange Interpolation to that using exact

full-wave solutions of the ionospheric reflection co-

efficients.

(g) Order the eigenangles according to the value at the

real part of the eigenangles.

(h) Compute and punch the eigenangles if the variable

A 'NEIGEN' is set equal to one. This is done through

the routine NEOUT.

(i) Compute and ounch the mode constant parameters if the

variable 'NPUNCH' is set greater than zero. This is

done through the routine NPOUT.

(4) SUBROUTINE SETRH:

(a) This routine selects the values at THETA, (e) at which

full-wave solutions of the ionospheric reflection co-

efficients are to be carried out for use in Lagrange

Iinterpolation.
(b) This routine also selects the height, to the nearest

whole kilometer, at which the function:

e-points \R-elements [I d C j /

is minimized. In the above expression C = COS (0), R

is the reflection coefficient matrix and the summations

are over all e--points at which full-wave solutions are
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F -, . _ , j ...

to be carried out for use in Lagrange interpolation.

The summation is also over all elements of the R re-

flection matrix. Derivatives of the full-wave solu-

tions are not computed; rather, derivatives of the

Lagrange interpolation formula are used. Note that

the full-wave solutions are carried out to the bottom

of the profile, using the ionospheric reflection co-

efficient integration procedures (i.e., subroutine

INTEG) after which, the full wave solution is then

carried out in an upward direction through free space

[ over a curved earth (by use of the free space integra-

tion routine FSINTG) to various heights which are in-
PI

creased successively by intervals of one kilometer.

That height at which the minimum occurs is printed out

as the 'REFLECTION HEIGHT' and is used; thereafter, as

the Reference Height at which the function, F(e) is to

be computed.

(5) SUBROUTINE NEOUT:

This routine provides for punched card output of eigen-

angles.

(6) SUBROUTINE NPOUT:

This routine provides for computing and printing tables

and punched card output associated with the 'NPUMCH'

option.

(7) SUBROUTINE INTEG:

This subroutine performs an integration of the differential

equations for the ionosphere reflection matrix using Runge-

Kutta integration formulas. The integration variables are

61



the elements of the matrix (RI)/C where R is the reflection

matrix described in Equation 2. If 'IDERIV' is set non-

zero, the derivatives of the (R+l)/C elements 4rt C = COS

(THETA) are also integration variables. The set of heights

at which pairs of integration steps begin and end is stored

in the array 'RKHTS'. Sizes of the steps are determined

by comparing the values of the elements of (R+l)jC after

a pair of steps and values of the sane variables after a

single double-size comparison step. The (R+l)/C variables

used in the comparison step are denoted as 'X'. If the

difference is too large, the step size pairs are cut in

half by adding a new height to the list in 'RKHTS'. In

order to enhance stability in other parts of the program,

no heights are deleted from the list unless the list is

reset by a call to the SET RK subroutine.

(8) SUBROUTINE ENNU:

Computation of electron density and collision frequency

(and ion density if appropriate) as a function of height.

If profile was input from formatted cards, logarithmic

interpolation is used. See also notes in subroutine

PRFLIN.

(9) SUBROUTINE INITLR:

This routine computes the coefficients of the Booker Quartic

equation and solves for its roots. The routine then com-

putes the value of (R+I)/C. For reflection from a sharply

bounded anisotropic ionosphere of semi-infinite extent

where R is the reflection coefficient matrix. The solution

is used as the initial condition ,or Runge-Kutta integration.
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The solution is based on the material of reference 6.

Derivatives wrt C=COS (THETA) are also computed if the

variable 'IDERIV' is set non-zero.

(10) SUBROUTINE .QUARTIC:

This routin, obtains the solution for the roots of a

fourth-order polynomial (QUARTIC Equation). A summary of

pertinent equations is given in reference 6.

(11) SUBROUTINE TMTRX:

This routine computes the elements of the 'M' matrix of

Equation 23. Those combinations of 'M' matrix elements

used in the '1' matrix which do not include use of THETA

are the final output of this routine. Computations of

quantities which are not "unctions of height or of THETA

are carried out in the routine INIT T.

(12) SUBROUTINE SMTRX:

This routine computes the coefficients used in the differ-

ential equations for (F+l)/C. These are stored in common

area 'S MTX' and are analogous to 'S' matrix elements given

by Equation 20. Derivatives of these coefficients wrt

C=COS (THETA) are also computed if 'IDERIV' is set non-

zero.

(13) SUBROUTINE DIFFEQ:

This routine computes the derivative of the differential

F' equations for (R+l)/C, where R is the ionospheric reflec-

tion matrix. The equations are derived from the differen-

tial equations for 'R'as given in reference 5. Storage

into the array 'R MTRX' is made so that the equations may

b. used with either the main set of integration variables,
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or with the comparison set, X. Differential equations for

the derivatives of (R+1)/C wrt C=COS (THETA) are also used

if 'IDERIV' is set non-zero. Note that the variable called

'R' in this routine is actually (R+l)/C.

(14) SUBROUTINE RBARS:

This subroutine computes values of variables which may be

used to form the elements of the RBAR matrix, where RBAR

represents reflection of an ELM wave from the earth's sur-

face. Namely, RBARll=DENll/(C*NUMll-DENll), or (l.O./RBARll+

1.O)/C=NUMll/DENII, and RBAR22=fEN22/(C*NUM22-DEN22), or

(1.O/RBAR22+I.O)/C=NUM22/DEN22. Derivatives wrt C=COS

(THETA) are also computed if 'IDERIV' is set non-zero.

Note that the equations are formulated in such a way that

a smooth transition is made from the 'CURVED EARTH' form

to the 'FLAT EARTH' form. See also notes in subroutine

MDHNKL regarding definitions of hankel function parameters.[I The value of earth's radius is such ds to make 2.0/RE=3.14E-4.

Computation at THE A=90° is not excluded.

(15) SUBROUTINE MDHNKL:

This subroutine computes values of variables whi.ch may be

combined to form mcdified hankel functions as described

in 'TABLES OF THE MODIFIED HANKEL FUNCTIONS OF ORDER ONE

THIRD AND OF THEIR DERIVATIVES', by the staff of the com-

p . ^ a4,,; ... Unu nwi 11nivay-,i v prp-,c. 1945. The

notation is such that the actual HI:HI*EXP(-E). The actual

H2=H2*EXP(E). Actual derivatives wrt argument, Z, are

HIP*EXP(-E) and H2P*EXP(E).
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(16) -SUBROUTINE FSINTG:

This routine performs an integration of the differential

equations for the ionosphere reflection matrix through a

free space region over a curved earth. The integration may

be performed in either, a positive or negative height di-

rection, but in this program the integration is always

upward. The integration variables are the elements of

the matrix (R+l)/C where R is the reflection matrix. The

solution is based on Budden, reference 7, in particular the

material on pp.118, 327-329, 336-338, and 343-345. If

'IDERIV' is set non-zero, the derivatives of (R+I)/C

elements wrt C=COS (THETA) are also integration variables.

Computation at THETA=90 is not excluded. Also, the equa-

tions are formulated in such a way that a smooth transi-
tion is made from the 'CURVED EARTH' form to the 'FLAT

EARTH' form for appropriate values of THETA. The initial

and final values of the integration variables are stored

in the common area 'INTEGR'. This routine carries out the

computation of height-gain coefficients Q,G,A,B for two

conditions on the upgoing wave at each height=Zf, namely

Ell=l,EY=O and Ell=O,EY=l. Each of the coefficients

Q,G,A,B is divided by C=COS (THETA). Computation of the

upgoing fields Ell and EY at height=Zt for the two con..

ditions described above are also done. The integra-

tion proceeds from height Zb to height Z t when 'FSINTG'

is called.
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(17) SUBROUTINE LAGRNG:

This routine performs Lagrange interpolation of reflection

coefficients in the COS (THETA) plane. Also to obtain

derivatives of interpolated values WRT COS (THETA) the

Lagrange interpolation formula itself is differentiated

WRT COS (THETA).

(18) SUBROUTINE FINAL:

The routine for following the eigen-angles as the F func-

tion is changed from that using Lagrange interpolation to

that using exact full-wave solution values of reflection

coefficients.

(19) SUBROUTINE FZEROS: (TLEFT,TRIGHT,TBOT,TTOP,TMESH,TOL,

MPRINT,ZEROS,NR Z)

For Root-Finder FZEROS is a routine for finding the zeros of

a complex function, F, which lie within a specified rec-

tangular region of the complex (THETA) plane, provided

the function has no poles in the vicinity of the rectan-

gle.

EXPLANATION OF PARAMETERS--

TLEFT - value of real part of THETA at left edge

of rectangle.

TRIGHT - value of real part of THETA at right edge

of rectangle.

I UWI VU IUt. WI IU~ V~tA V V1 I I~ 1- 11 UW V J V III - j

of rectangle.

TTOP - value of imag part of THETA at top edge of

rectangle.
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TMESH set equal to about half the average spacing

between zeros within the rectangle. A smal-

ler value may be used as a safety measure,

but too small a value will result in ex-

cessive run time.

TOL tolerance to which zeros are to be found.

If two zeros are closer than 'TOL', the

root-finder will stop with an error mes-

sage.

MPRINT - normally set to zero. A non-zero value

leads to print-out for debugging.

ZEROS - output list of (complex) values of THETA

at which zeros are found.

NR Z - the number of zeros found.

SUBROUTINES TO BE PROVIDED--

FCT VAL - (THETA,F) - to return the value of the

function, F, at the point in the complex

plane specified by 'THETA'.

F DFDT - (THETA,F,DFDT) > same as 'FCT VAL' except

that the derivative, DFDT, of the function

WRT THETA must also be returned.

(20) SUBROUTINE QUAD:

For Root-Finder finds the solution for the real roots of

a Quadratic Equation of the form A*X**2+2.0*B*X+C=0.O,

where X is called 'SOL' in this routine. The number of

real roots found is given by 'NR SOL'. A value of 1 for

'NR SOL' results from the Quadratic Equation approaching

linearity. Used by subroutines FZEROS and NO MESH.
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(21) SUBROUTINE NO MESH:

For Root-Finder the routine for finding exact (in the

sense of NO MESH approximation) locations of zeros of the

function, F, forwhich a complete, but approximate, set

was found in subroutine FZEROS.

(22) SUBROUTINE FINDF:

This routine calls upon the routine FCT VAL to compute

F(e).

(23) SUBROUTINE FCT VAL:

This routine is for computing F function values at mesh

points, called on principally by subroutines FZEROS and
NO MESH. This is the modified F funption which has no

poles and which has no zeros at THETA=90.

(24) SUBROUTINE F DFDT:

This routine for computing function F(e) values and their

derivatives WRT THETA at arbitrary values of THETA. Called

on principally by subroutines NO MESH and FINAL. This is

the modified F function which has no poles and which has

no zeros at THETA=90.

(25) SUBROUTINE XFER:

Routine for transferring one array into another.

(26) SUBROUTINE R OUT

Output of Runge-Kutta integration variables, used only for
debugging.

(27) FUNCTION CASIN

Routine for computing the complex sine function of a com-

plex argument.
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(28) FUNCTION CANG:

Routine for computing the arc tangent of a complex angle.

U
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V. RUNNING THE PROGRAM

A. Control Cards

These cards contain mnemonic words denoting the program opera-

tions to be executed. These words will be assumed to begin in column 1 of

the card. In the text of this outline, thest words will be enclosed in

apostrophes. Blanks will be denoted by a space indicated by '_' to

clarify positioning of blank columns. These cards are summarized in

Table 4.

(1) 'PROFILE-i' initiates reading of the ionospheric profile.

An alternative method for specifying an ionospheric profile is presented

in Section B.

The value of i indicates the number of species to be used. It may

have one of two possible values: 1 or 3. If the position for i is left

blank, i = 1 is assumed.

The 'PROFILEi' card must be followed by an alphanumeric card

which may be used to identify the profile.

The profile cards contain the following parameters punched accord-

ing to the format (F7.2,4X,5(1X,E9.2): height in kilometers and the

specie densities in number per cubic centimeter. The first specie is

electrons. The cards are input in order of descending altitude and the

profile is terminated with a dummy height with value less than zero. A

maximum of 101 profile cards may be used.

In the case of i = 3, the program assumes that the first two spe-

cie-s rad Are elptrons. N and singly charqed positive ions, N. The
e

required third specie is thus singly charged negative ions, N:, and their
- +

density is computed and printed by the program as N. = Ni-Ne
7e
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In the integration of the ionospheric reflection elements through

the ionosphere, the program interpolates exponentially between input

values. Thus, for example, an exponential profile can be input with only

the top and bottom densities specified.

(2) 'COLFREQ' initiates reading of an ionospheric collision

frequency profile. An alternative form for specifying exponential colli-

sion frequencies is discussed in Section B. This profile, if used, must

follow the 'PROFILE i' input because i specifies the number of species.

The 'COLFREQ' card is immediately followed by the profile. The

input format and order is the same as used for 'PROFILE i', except that

collision frequencies in collisions per second for electrons, and when i

is greater than 1 for positive ions and negative ions, must be input.

The profile is input in order of descending height and is terminated by a

dummy height of value less than zero. A maximum of 50 collision frequency

profile cards may be used. As with the ionospheric specie profiles, the

program interpolates exponentially between input values and there need be

no correspondence between the altitudes used to define the two profiles.

When 'COLFREQ' is used, the collision frequency profile can be

over-ridden later in the job by the exponential collision frequency speci-

fication described in Section B-l. Note that in this case the exponential

parameters, 'COEFNU' and 'EXPNU', must be input through NAMELIST.

(3) 'ID' indicates that the next card is identification for

the data being run. This identifying card is merely read and printed.

It may contain any alphanumeric information desired.

(4) ' _&DATUM' and '_&END' initiate and terminate reading of

V Namelist. The form of this input is described below.
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All cards appearing between '_&DATUM' and '_&END' must have a

* i blank in column 1. In the sample data decks this will be indicated

by''.

Variable names are punched with no imbedded blanks. The name is

followed by an equal sign (=) and the value of the variable punched in

any valid format. Integer variables may only be input with integer num-

bers and real variables may be input with either integer numbers or float-

3 l ing point numbers. The value of the variable must be followed by a comma.

All blanks in the values punched are treated as zeros. A comma is the

only. valid delimiter. For example, 'I=1_,' would result in I=10. If a

variable name is repeated, the second value will be used.

If the variable defines an array, the array may be filled by a

string of values separated by commas. There need not be as many values

specified in the string as there are in the dimension of the array. The

string of variables may be continued on additional cards by not repeating

the variable name. Alternatively, the value of single elements may be

specified by subscripting the variable name before the equal sign such as

'ARRAY(3) = -6.E3,'.

Complex variables must be input in order of real and imaginary

parts. Arrays of complex variables are input the same as described above

except that twice as many values are required. For example, 'CARRAY =

1., 3., -1., -3.,' is used to input CARRAY(1) = (1., 3.) and

CARRAY(2) = (-1., -3.).

(5) 'QUIT' signals normal termination of a job. This is not

required provided a /* card is used at the end of the input deck.

(6) A reasonable order of input is shown in Table 4.
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TABLE 4

SUMMARY OF CONTROL CARDS

PROFILEi read ionospheric profiles (i=l or 3)*

COLFREQi read ionospheric collision frequency profiles

ID read and print identification card(80 card columns)

_&DATUM begin Namelist read

_&END end Namelist read and begin Waveguide calculations

QUIT end of job (optional)

/*

*Note: If i not specified, I is assumed.

B. Input Variables
(1) General Input variables needed for computations of the

modal solutions.

'FREQ' is the frequency in kilohertz.

'MRATI0 is the ratio of the mass of the specie to the mass of an

electror. Default values are for an electron, 'MRATIO = 1'. For positive

or negative ions 'MRATI0 = 58000'.

LAn exponential collision frequency may be specified for each

specie. 'C0EFNU' is the collision frequency, in collisions per second,

at the ground. 'EXPNU' is the height variation in inverse kilometers.

The collision frequency at an altitude of z kilometers in this case is

defined by:

v(z)j COEFNU(j)*exp(ENPNU(j)*z)

where j=1 is for electron-neutral particle collisions, j=2 is for positive

ion-neutral particle collisions and j=3 is for negative ion-neutral parti-

cle collisions.
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The parameter 'NUFLAG' allows for a choice of exponential collision

frequency profiles to be used in the calculations. In this instance values

are not assigned to COEFNU(j) and EXPNU(j); instead default values, which

are built into the MODESRCH program are used in the calculations. With

'NUFLAG = 0', the values of the exponential parameters 'COEFNU' and

'EXPNJ' (as described in Wait's TN 300, Reference 3) are used. If

'NUFLAG = ', the values of these exponential parameters (as computed by

Moler, Reference 13) are used. The special values are:

'NUFLAG = 0' (Wait):

COEFNU(1) = 1.816E+11, coll/sec

COEFNU(2) = 4.540E+9, coll/sec

COEFNU(3) = 4.540E+9, coll/sec

EXPNU(1) = -0.15 km
"1

EXPNU(2) = -0.15 km
-1

EXPNU(3) = -0.15 km
-1

'NUFLAG = 1' (Moler):

COEFNU(1) = 4.303E+11 coll/sec

COEFNU(2) = 1.076E+10 coll/sec

COEFNU(3) = 1.076E+10 coll/sec

EXPNU(1) = -0.1622 km
-1

EXPNU(2) = -0.1622 km
1

EXPNU(3) = -0.1622 km
1

If an exponential electron collision frequency profile is to be

used other than those described by Wait or Moler, 'NUFLAG' must be set 0

and the proper values assigned to 'COEFNU(j); and 'ExPNu(j):.

It is important to note that if the collision frequency profile is

entered as tabulated values via the control card 'COLFREQ' and then in

the same job step, additional calculations are wanted for new collision
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[ frequency values, as input through the Namelist variables 'COEFNU(j)' and

EXPNU(J)'; then, 'NUFLAG' must be set equal to zero and new values

assigned to 'COEFNU(j)' and 'EXPNU(j)'.

An exception to this procedure occurs when the new values of

'COEFNU(j)' and 'EXPNU(j)' are those denoted as "Moler's values". In this

case the parameter 'NUFLAG' is set equal to 1 and no values need be

assigned to 'COEFNU(j)' or 'EXPNU(j)' in that this is done automatically

within the program.

'RHO' is the distance in Mn from the transmitter. This variable

is used only in punched output. It is useful to further identify punched

data that is being generated along a propagation path.

The geomagnetic field is specified by three variables. 'AZIM' is

the clockwise angle between magnetic north and the horizontal propagation

direction in degrees east of north. 'CODIP' is the magnetic co-dip angle
in degrees from the vertical down. The magnetic equator is specified by

'CODIP = 90'. 'MAGFLD' is the magnetic field intensity in webers per

square meter.

The ground conditions are specified by two variables. 'SIGMA' is

the conductivity in mhos per meter and 'EPSR' is the relative dielectric

constant.'

'H' is the height in kilometers at which the modified refractive

index is unity. This is the height to which the eigenangles are referred.

'REFLHT' is the height in kilometers which is used to normalize

the excitation factor defined by Wait. 'REFLHT' must not be zero.

'GMAX' is the maximum separation (in degrees) of the theta angles

at which full wave solutions, to be used in Lagrange interpolation, are

carried out.

75



'SEP' is a real variable which defines the minimum separation be-

tween eigen solutions.

'RTOL' is the variable which determines the precision of the

Runge-Kutta integration for the ionospheric reflection elements.
'NPUNCH' determines the specific parameters to be punched on out-

put cards.

'CARDPN' i*: an option for punching or not punching on cards the

outputs from the 'NPUNCH' option.

'CARDPT' is an option for printing, or not printing, the values

computed using the 'NPUNCH' option.

'NEIGEN' is the option for punching eigenangles on the cards.

'TALT' is the height d the transmitting antenna in km.
'RALT' is the height of the receiving antenna in km.

Note: Input of TALT and RALT is only applicable to the calculation

of modal excitation factors as described in Section V-C-2. Computed out-

put values, as a function of 'RALT' and 'TALT', are obtained only through

the option NPUNCH = 7.

'TMESH' is the angular dimension of the mesh squares contained in

the contour rectangle. This value is in degrees. 'TMESH' should always

be smaller than the average separation of the eigenangles. Also 'TMESH'

should be chosen smaller than the separation between the values of

'RANGER' (maximum) and 'RANGER' (minimum) or the values of 'RANGEI'

(maximum) and 'RANGEI' (minimum). Unless 'TMESH' is assigned a value via

NAMELIST, it is computed within the program as:

TMESH = v3.75ifreqkHz k132)

'LUB' is a real vriable used to terminate the iterative process.

'LUB' is used to test the iterative change in the magnitude of the complex
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eigenangles. The iteration is stopped when the change in the magnitude

of the complex eigenangle is less than or equal to 'LUB'. Unless 'LUB'

is assigned a value via NAMELIST, it is computed within the program as:

LUB = 15.0/freqkHz(0.01) (133)

'IEXACT' is an option that determines whether Lagrangian interpola-

tion or the "full wave" solution is used in initial stages of the program.

IEXACT = 0 is for Lagrangian. IEXACT = 1 is for "full wave".

(2) Exponential profiles (electrons only)

An exponential, elVctrons only, ionospheric profile may be speci-

fied. Iric profile is computed as described in Wait's NBS TN 300, Reference

3, where

Wr(z) = 2.5X105 exp[p(z-h')] = 3.18254X10
9 N(z)/v(z) (11)

and P is in inverse kilometers, z and h' are in kilometers, N(z) is the

electron density in electrons per cubic centimeter and v(z) is the colli-

sion frequency in collisions per second. The values used to compute v(z)

are COEFNU(l)' and 'EXPNU(1)' and are given in Section V-B-l. Note that the

term 'BETA' is a and 'HPRIME' is h'.

The equation for computing the electron density (N(z), electrons/

cm3) at height z is given by:

N(z) = 7.8554X0 5 COEFNU(1)

[exp(((BFTA + EXPNU())z) - BETA * HPRIME)] (134)

'SCLHTS' is a real variable which indicates the number of scale

heights above h' which will be used to denote the top of the profile when

the P,h' exponential electron density profile is used.
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The top of the profile may be modified by choosing a value for the

variable SCLHTS. The relationship is that:
/H SCLHTS

Top Height = Integer (HPRIME +-l + 0.5) (135)

The nearest integral value of altitude as given by 'Top Height' is used to

set the top of the profile. All heights above this value are neglected in

the MODESRCH computations.

The bottom of the exponential profile is set by assigning a mini-

mum value (i.e. ENMIN) of electron density in electrons/cm . All alti-

tudes (z), at which the corresponding density is less than 'ENMIN' will be

neglected.

(3) VLF/LF - Tabular Electron-Ion Density Profiles.

Computing efficiency for VLF and LF may be improved by cutting off

the top and bottom heights of the input ionospheric profile.

When the particle density profiles are input to the program via

'PROFILE i' (i = 1 implies electrons only) (i = 3 implies electrons and

ions), the top and bottom of the profile may be cut off using the criteria,

as presented in Section II, D-2. In that section it is stated that the

top part of the input ionospheric profile which may be neglected in the

calculations is defined as that altitude(z) above which:

B(z) > Maximum (TEMPO-B. 20 ) (17)
"e

where 'TEMPO-B' is assigned a value (e.g. 2.0) and B(z) is given by

eq. 16. Also an additional requirement for cutting off the top of the

profile is that the electron aensity must be as great as 'TOPEN'. The

variable 'TOPEN' is assigned a value (e.g. 1000 electrons/cm2 ). The top

rof the profile is taken to be the higher ot the two heights corresponding

to B(z), (equation 17), and to 'TOPEN'.
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The bottom of the input ionospheric profile is neglected (for

VLF/LF cases) at those altitudes for which the computed vIue of B in

equation 16 is less than 'CUTOFF'. The variable 'CUTOFF' is assigned a

value (e.g. 0.0001). The relationship for Cutoff is:

B(z) < CUTOFF (18)

If it is not desired to cut off the profile bottom for certain

calculations then the Namelist parameter 'ICUT' must be set equal to zero.

(4) ELF Tabular Electron-Ion Density Profiles

The same criteria for the variable 'PROFILE i' as was presented for

the VLF/LF case is applicable to ELF,, (i.e. i = 1 or blank implies elec-

trons only and i = 3 corresponds to electrons and ions).

In the case of ELF the profile tcp and bottom are not cut off and

the Namelist variable 'ICUT' is not applicable.

(5) Namelist Variables with Initial Values.

Initial values of the Namelist variables are presented in Table 5.

I ,
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TABLE 5

NAMELIST VARIABLES AND INITIAL VALUES

NAME VALUE UNITS NAME VALUE UNITS

NPROF None - ICUT

FREQ 0.0 kHz NUFLAG 0

H 50.0 km COEFNU(3) 1.816+11, ccll/sec

4.540E9,
4.540E9

REFLHT 50.0 km EXPNU(3) -0,15, 0,15, km-1

-0.15

RHO 0.0 Mm

AZIM None degrees SEP 0.1 degrees

CODIP None degrees RTOL 0.001 degrees

MAGFLD None WEBERS/m 2 GMAX 5.0 degrees

SIGMA 4.64 mho/m

EPSR 81.0 -

BETA None km-" TOPEN 1000. electrons/cm3

HPRIME -99.0 km ENMIN 0.1 electrons/cm3

SCLHTS 3 RANGER None degrees

MRATIO(3) 1,58000.0 - RANGEI None degrees
58000.0

TEMPOB 2.0

CUTOFF 0.0001 - TALT 0.0 km

NEIGEN 0 - RALT 0.0 km

NPUNCH 1 - IEXACT 0

CARDPT 0 - TMESH -i.0 degrees

CARDPN 1 - LUB -1.0

Notes: Numbers in parenthesis after Name indicate dimensions.

Lauk of decimal point indicates integer variables.
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(6) The Eigenangle (e)

The modal solutions of equation 1, which are denoted as complex

eigenagles (e = ereal + ieimaginary), are determined within a bounded

region of the complex "THETA" plane defined by a set of limiting THETA

values. This bounded region will be called the "contour rectangle" dnd

the limiting THETA values are denoted by "RANGER" (minimum and maximum)

and 'RANGEI' (maximum and minimum). These parameters are portrayed in

Figure 15.

Where Point:

;.: RANGER (minimum), RANGEI (maximum)

B: RANGER (maximum), RANGEI (maximum)

C. RANGER (minimum), RANGEI (minimum)

D: RANGER (maximum), RANGEI (minimum)

The small squares inside the "contour rectangle" are called the

"Mesh Squares". 'RANGER' is the real part in degrees of the minimum and

maximum values assigned to the contour rectangle.

'RANGEI' is the imaginary part in degrees of the minimum and maximum

values assigned to the contour rectangle.

e(imaginary)

A B

I I I I I "I e(real)

b + -F-h

C D

COMPLEX THErA PLANE

Figure 15. Showing the Contour Rectangle ABCD and Mesh Squares
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i.e. RANGER = Minimum, maximum,

RANGEI = Maximum, minimum

Note: The minimum value must be given before the maximum value for RANGER

while the maximum value must be given first for RANGEI.

During program execution, the contour rectangle, as described by

RANGER and RANGEI, is automatically divided into small sub-rectangles.

This is done to increase computation efficiency. The division process is

applied only to the RANGER values while the RANGEI values remain the same

as those input through NAMELIST.

The algorithm is that the number of segments 'NS' iito which the

original contour rectangle is divided is given by:

NS = TRUNCATION {[RANGER(max)-RANGER(min)-LUB] +11 (136)GMAX

The number of degrees in each segment is given by:

6o = RANGER (max) - RANGER(min)
<NS

C. Program Outputs

For purposes of clarity in describing program outputs, the follow-

ing symbols will be used:

k = wave number in km-I

hr = reference height for Wait's excitation factor (REFLHT)

i V 1

o = (oro i) = final mode solution referenced to H

S (r'ei) = e referenced to the ground

a : -8686 k Im(sine') = attenuation rate in dB/Mm

v/c = 1/Re(sine') = phase velocity/speed ot light

Note: The above procedure for sub-dividing the RANGER value is done only

for VLF/LF calculations and is not applied for calculations at E'F.
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mn excitation factor

Xmn modified excitation factor

A = normalized excitation factor = -.5ikh XIimn r mn
The terms, Xmn, Amn and Xmn, are elements of 3 by 3 complex

matrices. The individual elements are subscripted first by m = V, E or B

to specify a vertical, end fire or broadside dipole and second by n = Z,

Y or X to specify the field component excited. Thus, Xvz is the z compo-

nent of the electric field excited by a vertical dipole source. The terms

X and Amn are also functions of the transmitter and receiver altitudes

(TALT and RALT). These are the excitation factors mentioned in Section II,

H. The terms X and Ao specify X and A for both transmitter and re-

i 'ceiver at the ground. In both printed and punched output, each Xo , Xm

and ;k is given as magnitude and phase in radians and each A0 and A isSmn 0 m

given as 20 log (magnitude) and phase in radians. Note that in the

MODESRCH computer program all the Xmn terms are used whereas only Xvz,

Xez, XBZ' Xo and Ao of the other excitation terms are utilized.

The output from the computer program consists of the following:

(1) Computer Listing Output"

(a) ID InformationI(b) PROFILE information

(c) NAMELIST information

(d) Values of 'TMESHk and 'LUBt

Also, heights and electron densities of top and bottom

nf nrnfile

(e) Value of TEMPO-B at top of the profile, value of Wait's

OMEGA-R at top of the profile or height of the profile

where Wait's OMEGA-R 2.5*105
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(f) Reflection height -- height at which ionospheric reflec--I which the ground(f)reflectioncofiensaeomud
tion coefficients are interpolated and the height at

which the ground reflection coefficients are computed

(e.g., the height where FOe) is computed).

(g) Theta range for each 'contour rectangle'.

(h) H: the height at which the eigenangle solutions are

computed

(i) Mode No. n

(j) THETA (or$ ei) The final mode solution referenced to H

(Or and oi are in degrees)

(k) a(eo'): Attenuation rate dB/Mm where a = -8686*K*Imag

(SIN e') and where K is the wave number in km
1

(1) V/C(on): The phase velocity/speed of light
I 1

V/C = 1
V/ Real(SINe')

(m) Magnitude and Phase of the modal excitation factor as

defined by Wait. (A (dB), (radians))
0 Ao

(n) THETAP (r', e!) The 0 eigenangle referenced to the

ground (o, o! are in degrees)

(o) Polarization mixing ratio:

i p:= (138)
(1RI -R±R) 1 -R11 IIRII )

When NEIGEN = 1 that ionospheric height where the electron density

is equal either to the value of the input variable ENMIN (for B, h'

electron-density profiles) or to the lowest height of the input profile

(for tabular electron density profiles) is printed. This parameter is
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denoted as "D" and corresponds to the variable "D" in the reference 1

WAVEGUIDE program where D is defined as the height in kilometers below

which ionospheric integration is terminated.

Also when NEIGEN = 1, individual eigenangles (referenced to the

height H) are printed.

If NEIGEN g 1, the above variables are not printed,

(2) Punched Output

When NEIGEN = 1 the value of "D" as described above is punched and

also the individual eigenangle solutions are punched. These pardmeters

are punched in the format of usual NAMELIST variables. When NEIGEN = 0,

these variables are not punched.

Additional punched output from the program is obtained with the

variable NPUNCH.

NPUNCH options for obtaining output cards:

NPUNCH=1*** gives output cards for horizontally homogeneous

mode-sum or WKB-sum in terms of (T'S).

NPUNCH=2*** gives output cards in terms of SNVLF output.

NPUNCli=7*** gives output cards for input into ELF-WKB

mode-sums.

NPUNCH=8*** gives output cards for input to mode cQnversion

in terms of (FOVR).

NPUNCH=9*** gives output cards for iiput into mode conversion

in terms of both (T'S) and (FOVR).

NPUNCH=O*** the above variables are not computed.

CARDPN=O*** gives usual mode summary print out but no cards.

CARDPN=1*** gives usual mode summary print and cards.

CARDPT=O*** causes the output cards to not be listed.

CARDPT=I*** causes the output cards to be listed.
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When NPUNCH equals 1, 2, 7, 6, or 9, each entry into '&DATUM' results

in a card containing RHO, FREQ, AZIM, CODIP, MAGFLD, SIGMA and EPSR in the

format:

('R',F7.3,' F',F8.4', A',F8.3,' C',F8.3,' M',E1O.3,' S',E1O.3,'

E',F5.1)

and each exit via '&END' results in a blank card. In other program de-

scriptions, the first card is referred to as the. RFACMSE header card.

NPUNCH = 1 generates two cards per mode in the order

(1,e',T 1 ,T2 ) and (2,e',T 3 ,T4 )

with format (I1,2F9.5,4E15.8).

Where:

S2 '1+T (1 + 1R)2(I - .1R.1 i.R.)

S (1 + iI) 2 (-RI iil)

e=e n

F ( 1 II) (1 + IRi
F I  DI

012
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0' : complex eigenangle referenced to the ground and is punched as er

(degrees) and e (degrees). Examination of Table 1 and equation 139 shows

that the excitation "X" values can be obtained from the "T" values. The

"T" values are punched as complex numbers.

NPUNCH = 2 generates a single card per mode containing

(a, V/C, IAoI,,PAo) with format (4F10.5). Here Ao is in dB above one

wv/meter and Ao is in radians. This format is denoted as SNVLF.

NPUNCH = 7 generates two cards per mode. The first card contains

e' with a comma after the real and imaginary parts. Here or and oi-are

in degrees. The second c:rd contains Xvz,XBz and XEZ for transmitter and

receiver heights of RALT and TALT. There is a comma after each term.

This form of output is suitable for a Namelist type input.

These values are punched as magnitude and phase of the complex

excitation number. Two comments which are pertinent to the NPUNCH = 7

output are:

(a) The values of the Xmz 's are computed as functions of the

transmitter cad -eceiver heights (TALT and RALT).

(b) If the punched output is to be used ds input in the

WDB-ELF Field Strength computer program (reference 14),

then the NAMELIST terms TALT ,nd RALT, input to the

MODESRCH program must be zero for compatibility.

NPUNCH = 8 generates one card per mode. The card contains the

variables (e',IXoIpxo, FOVR, HOFWR) using the format (OP2F9.5,1PE14.5,

nPF9 .R,1DP91A R nPF7 2) HPrP G' is punched as 0! and 0! each in deqrees.

Sois in radians and 'FOVR' is a complex number. The variable 'HOFWR'

is the profile height (km) which corresponds to a value of Wait's

OMEGA-R = 2.5*10+5.
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D. Examples of Program Inputs and Outputs

Example I illustrates some of the options for data input. This

example is for an exponential electron density profile defined by 'BETA'

and 'HPRIME' parameters. In this case the exponential collision frequency

profile, corresponding to that described by Wait, (Reference 3), is in-

cluded by setting the 'NUFLAG' variable to zero. Also, putting

NPUNCH = 1 or greater causes the mode constants to be printed in the out-

put listing and if 'CARDPN=1', (which is the default value) functions of

the excitation factors are punched. The value NEIGEN = 1 gives both a

listing and punched cards for the eigenangles at a height of 50 km. The

printed output is also shown in example I.

Example II lists the output cards as computed from 'NPUNCH = 1'

as presented in example I. Note that the first card gives the values for

RHO, FREQ, AZIM, CODIP, MAGFLD, SIGMA and EPSR as used in the modal cal-

culations. The card will be denoted as the RFACMSE card. Also the com-

plex eigenangles at the ground are also punched on the cards as el and

i. There are 'wo cards per mode corresponding to Tl(Real), Tl(Imaginary)

and T2(Real) and T2(Imaginary) on card No. 1. Card No. 2 contains

T3(Real) and T,(Imaginary), T4(Real), and T4(imaginary).

Where 'NLIGEN = 1' a3 -in example I, the values of the eigenangles

at a height of H = 50 km are also punched one per card as 6(real) and

e(imaginary). The value of D as punched corresponds to the bottom of the

electron density profile.

Example III lists the punched card output obtained from the input

parameters of example I when 'NPUNCH = 2'. Here the first card is the

usual RFACMSE card. The second card gives the propagation frequency.

The following cards give, for each mode, the values of the attenuation

88

V



rate (dB/Mm); the ratio V/C; the magnitude of Wait's excitation factor

(dB); and tF- phase of Wait's excitation factor (radians),

Example IV lists the punchod card output obtained from the input

parameters of example I where 'NPUNCH = 8'. This output is suitable for

input into the mode conversion computer program described in reference 12,

The first output card is the RFACMSE card. The following cards give for

each mode the values of e'(real) (degrees), o'(imaginary) (degrees); the

excitation component from a vertical exciter for the vertical electric

field at z=O, (magnitude (not dB) and phase (radians)); the real and

imaginary parts of the complex number 'FOVR'; and the height, in km, used

for mode conversion, 'HOFWR'.

Example V presents input data where the electron density and posi-

tive ion density are e;itered in tabular form. Note that in this instance

the collision frequencies for electrons, positive and negative ions are

all entered automatically within the program through the variable

'NUFLAG = 1'. This corresponds to the use of these terns as computed by

Moler (reference 13).

Example VI shows the printed output obtained from the input of

example V. Note that for this case the profile top is nct cutoff whereas

the bottom is cutoff through the variable 'CUTOFF'.

Example VII lists the punched card output obtained from example V

L for NPUNCH = 9. Note that this punch option gives a combination of

NPUNCH I and NPUNCH = 8. There are three cards per mode.

Example VIII presents input data similar to example V. In this

case the variable .TOPEN has ... set to a small .numr So -s -o ill,-

strate the output messages obtained vThen the top of the profile is cutoff.
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Example IX shows the input when both particle density (electrons

and positive ions) and collision frequency profiles (electron, positive

ions and negative ions) are i!put in tabular form. This procedure will

generally be the case for computations at ELF.

Example X illustrates the usual printed output obtained for

NPUNCH greater than 0. Note that since this is an ELF case only one mode

is found.

Example XI lists the output obtained for NPUNCH = 7. This output

is compatible with a program which computes WKB-Fields at ELF (reference

14). Note however in this regard the NAMELIST variables 'TALT' and 'RALT'

must both be zero. The punched card output for NPUNCH = 7 contains the

fo"owing: the RFACMSE card; a card with er' (degrees) and e! (degrees);

and a single card with the magnitude (not dB) and phase (radians) of the

vertical excitation factors for vertical, end-or and broadside exciters.

Example XII shows the output obtained at 10 kHz for propagation

over sea water at rright. Whereas Examples XIII and XIV illustrate the

results for propagation for the same conditions at 60 kHz. Note that

considerably more modes are required to compute the total field at 60 kHz

than at 10 kHz.
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PROFILF 3
SATL-LLITE I ,MIET PROFILE
•50.00 i. '"E 05 1.JOE 05I 2j.00 5. G 03 5.OOE 03
ZZ0.00 ,.UJL 03 i.20E 03I.,-J -,-: G -1 1. udE 13

200.00 .OOE 03 1.OOE 03
£9g.o0 u, :U(j- 02 o.50F 02
i 0. 00 4 AE 02 4.6OE 02
170.00 3.,5E 02 i.45E 02
1o0.J3 ..b2E 02 2 62E, 0Z
155.100 oOF 02 2.b0E 02
150.UO 4.50L 02 2.50E 02
145.00 ,.5C 0 z.55E 02
140.00 2.80E 02 2.80E 02130.00 3.7U- U02 3.70E 02 IPTL.O00 5. 0F Oz 5.30F 02 INPUT:

112.00 1.1OF 04 LOWE 03
110.00 1. 3J0E C -' ' .-,E 03

106.0 .70E 02 1.70E 03
854.O0 L.I0E 03 1,90E 03
10.00 !.gOF 0, 1.9uF 03
i0.00 2.0E 03 2.OOE 03
99.00 1.5E 03 I.g1F 03
95.00 5.b2E 02 °.3OL 02
90.00 3.L5E 02 ,,liF 03
85.00 1. TE O3 4.11r 02
40.00 5.O-t O 4.i3E 02
7t.00 D.7F[04 E .')E 02
70.00 7.7E-02 .,169 03
05.00 1.O0c-02 5.3.A 020d 0 5. 73L- 03 7,voF uZ

55.00 3..9 E- 03 .E 0
50.00 z.u6E-03 1.54E 03)5.0O0 1.44:E-03 2.11E (,3
4U .00 b.7 -O 0 2.73E 03

1 $5.o OU. 4. 1 E-O t U. S 3

5.00 i.uF-J4 5.55E L3c5.00 7.70E-05 -).69E 03
z0.00 .3E- 05 3.oF 03
15.00 .!.0oE- 05 3 .b.>E 03
10.00 6. 56c-06 3.72E 03
5.00 -1.43 ,--)6 4.4oE 03

0.0 0.0 0.0
-99.99

CUt. FRA 3
25000 ioO5E 02 #L.5JE-Cl .50E-01225.JO 3.50E 01 9.UUE-Ol 9.00L-Ui
22U .O00 _o-.UOE 01 1.00[ 00 l.UOE 00
210.00 ) .30E 01 1°30E u0 1,,301 00

200 .0 .,,, 1 2.FEL GO 2.,, JO, 150400 .O r 03 4.50F CL -t. 50t 01
1. J.O0 1.00E 04 3.ODE ui 3.00E UZ
luj.6c 3 .'Ct 04-( b.uOE 03 o. OOE o)

S0.00 4,.: 0[ 11 I-O1E 10 1.01E 10
-99.,99

! LDAI UJM
z- ANGFR=TL O,65.OR ANCF I=-.30.0O)-40.0,
, : IN.F LAG =0,
SALI'-i = 90.0t CALi IP = 16.0, MA,;fL 1 = 5. :0[-0 t

i " ~~NUFLAG=O6A IM~gG.O ( C.)IP:It,. OMAGFLD=5 .ni:-J5,EPSR= 1O.OS IGMA=3. JE-O04,
~~R EFLHT , 1FK,o=O. 59N ,," NCH =-

LEND

EXAMPLE IX
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E. Error Messages

(1) EIGENANGLES AT e1 AND 02 ARE TO BE RESOLVED (program exe-

ri cution stops).

Solution: Assign to RANGER and RANGEI values which con-

stitute a small "contour rectangle" which incloses the

above two eigenangles and re-execute the program. An

alternative is to decrease 'GMAX'.

(2) ERROR IN CONTROL CARD (Program execution stops).

Solution: Check control cards (i.e., PROFILE, COLFREQ,

&DATUM, or &END)

(3) TOP OF PROFILE CANNOT BE SET -- At the bottom of the

PROFILE, B is greater than the value of TEMPO-B (program

execution stops).

Solution: Problem is due to incompatibilities between

values of TEMPO-B and the actual electron and ion density

values.

(4) WARNING -- THE TOP OF THE PROFILE CANNOT BE CUTOFF. THE

TOP OF THE PROFILE MAY BE TOO LOW (program execut'on

continues).

fReasoni: In top card of electron density profile the com-

puted B value is less than the input value of TEMPO-B.

(5) THE PROFILE BOTTOM CANNOT BE CUTOFF. ALL B-VALUES (AS A

FUNCTION OF HEIGHT) ARE LESS THAN CUTOFF. THIS IMPLIES

THAT THE PROFILE IS VERY CLOSE TO FREE SPACE (Program

execution stops).

Solution: Check values of 'CUTOFF', and individual values

of electron and ion densities. If o.k., put 'ICUT' = 0

and re-execute.
=10



(6) THE BOTTOM OF THE PROFILE CANNOT BE CUTOFF USING

'CUTOFF' = XXX AT HEIGHT = YYY BECAUSE THE VALUE OF B AT

THE BOTTOM OF THE PROFILE IS LARGER THAN 'CUTOFF' (Program

execution continues).

(7) NO MODES (program execution continues).

There are no eigenangle solutions located inside the con-

A tour rectangle as chosen. Solutions: Change RANGER and

RANGEI values and re-execute the program.

(8) INVALID MODE AT e (program execution continues).

Solution: Cut down the size of the contour rectange in

the region of e.

(9) STEP TOO SMALL IN INTEG OR TOO MANY STEPS IN INTEG (pro-

gram execution stops).

Solution: Examine PROFILE (e.g. too dense at top or to,

sparse at bottom) and other ionospheric parameters such

as magnetic field, collision frequency, etc. First decrease

'GMAX' and re-execute the program. If problem persists,

increase 'ENMIN' and again re-execute.

(I0) PROBLEM IN SORTINC Q VALUES OR Q FAILS TO CONVERGE IN

QUARTIC (prugram execution stops).

F. Solution: Igain look at ionospheric parameter values.

RANGER (minimum) is probably too small. Increase the

value of RANGER (minimum) and re-execute program.

(11) X MODES FOUND ON SAME PHASE LINE (program execution

continues).

Solution: Information only.
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(12) WARNING X MODES FOUND ON Y PHASE LINES (program execution

continues).

Solution: Information only.

(13) If run time is very long it is probably related to #8

above and thus solution is the same as for #8.

(14) NO EXIT FROM MESH SQUARE (program execution stops)

Solution: The value of TMESH should be changed slightly

(1%) and the program rerun. If message continues - STOP.

(15) ONLY X MODES FOUND ON Y PHASE LINES (program execution

stops).

Solution: Reduce TMESH by 1/2 and re-execute program.

(16) PROBLEMS IN SUBROUTINE NO MESH (program execution stops).

Solutions: Reduce TMESH by 1/2 and re-execute program.

If message continues - STOP.
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APPENDIX A

Modification of the Modal Equation

Given:

F () ( 1 - IRI1 R 11 1) ( I - IR 1R1) - R IR1I I 1 7iI. (A-1)

where R = R(O) and =R(O).

Let

DR-, = (A-2)A 11011IDI

where IN,,, IIDII, LNj and IDj are in such form that they contain no poles

in the region of interest in the 0-plane.

Then

IN11  I NL IN,, INIi El (0) : 1 DI RI, (1 10 .RI) - 11 RJ. ' R 11 .iii T _ (A-3)

and

F2 () = * 1D1F( = (lDl - 11Nll IIRII)(IDJ- 1N1 jRj)
- R 11  11 1 1 (A-4)

S- IIRj IRII IIN,, 1N1 A 4

Als'o

R +1
F2 (0) = [IIDII -IN 11 C (-) + ON]

/RI .

IN[ C ( -- + N

[1R1 " I N,, IN,] (A-5)
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Then

F2 (0) I DI, 1 DI F, (0)

-3(j) C c -c 2  :

+III " ± N 11R + [ 1 N1  NA- 
) +

R+

Let T= C

IN, + IID)11  ( 1NI + 1DI )p C - IInll C - LnJ.( -7
111  c 1 1  = A 7j.,NII : ildnI .N.L = d.

Then

F HDII 1DI FI(0)i 3(0) =  C2

3 - Oil II-711] n iXIL] -ldll idI IIIII (A-8)

Note that:

' _ IN, +  IID I  IDII /IN +1 RII +1
lsdo C IINI N =  CR + ] I/C - (A-9)

I : IN, + ±lC -Dj/ N1+l (A-10)
+ )1/ c (A-10

Also note that no poles in N or D implies that there are no poles in

n or d.

109



APPENDIX B

Derivation of the Equations for Free Space Integration

In the MODESRCH routine the differential equations for the

ionospheric and ground reflection coefficient matrices have to be inte-

grated through a free space region over a curved earth. In the following

derivation of the necessary differential equations for the ionospheric

reflection matrices a number of references ar made to Budden's work,

reference 7.

A right handed Cartesian system is assumed with the X and Y axes

lyinq in a horizontal plane boundary between the bottom of the ionosphere

and the free space below. The positive Z direction is upward. A plane

wave is incident upon the ionosphere from below with the wave normal in

the X-Z plane at an angle 01 to the Z axis.

The differential equa-ions describing wave fields at cb ique inci-

dence (Op. cit., P.. 140, eqns. 9.49-9.54) may be separated into two inde-

pendent sets. Either of these sets of field variables may be set equal

to zero without affecting the other, so that the corresponding waves are

propagated independently.

For the first set the electric field is everywhere parallel to the

Y-axis, and the waves are said to be 'horizontally2Llarized'. The equa-

tions are:

aEy. Hx

i k S Ey -i k Hz (B-2)

x +ikSH z  i k n2 Ey (B-3)
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TI

where i = j -

S = sin 01

k =2 it/X

= free space wavelength

n : index of refraction of the medium

and H 7.oH

where 7,= Ex/Hy

Hz may be eliminated from eqns. 2 and 3 to give

aHX  2
a- = i k (n - S) Ey (B--4)

Elimination of Hx between eqns. 1 and 4 gives

d2 Ey + k2 q2 Ey = 0 (B-5)

dZ2  2 k q

where q2 = (n2 , S2

For the second set of equations the electric field is parallel to

the X-Z plane and the waves are said to be 'verticallypolarized' even

though the electric vector is not, in general, vertical.

The equations are:

a Ex + i k S E, = -i k Hy (B-6)

a H -1 K n- E (B-7)
2

-i k S Hy = i k n Ez  (B-8)

The field component E7 may be eliminated from eqns. (6) and (8) to

give

a Ex  2_
- -i k I- Hy (B-9)
dZ 2
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Elimination of Ex between eqns. 7 and 9 gives

d 2 Hy 1 d(n 2 ) d_ + k 2q2 Hy (B-10)

dZ2  n2 dZ dZ

Just below the free space-ionosphere boundary the total electric

wave field is composed of two upward traveling incident comronents and two

downward traveling reflected components. They are E and respec-

tively, where E1l is in the X-Y plane. Following Budden (Or Cit. Pg. 118

eq. 8.72) the equations for free space integration of reflection at

oblique incidence may be derived.

The total field components just below the boundary are

EX = (Ell i - Ellr) cos 0 1  (B-11,a)

Ey Ey + Eyr (B-11 ,b)

Hx = (Eyr - Eyl) cos e (B-11,c)

i. 1+ Er (B-ll,d)

Define:

IR1 = Eyr/Ey (B-12,a)

1R1 = Eyr/Ell (B-12,b)

= E Ir/E I (B-12,c)

R E /E (B-12,d)

For Horizontal Polarization:

Combine eqns. (ll,b), (12,a) and (12,b) to get

Ey E y + Ey1 IRI + Ell 1IR±
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or

Ey= Eyi (R, + 1) + Ell ttR1  (B-13)

The wave equation for Horizontal Polarization (e.g., eq 5) is:

+ k2 q2 E =0 (B-5)
dZ

2

where q2 = n2 _ S2

and S = sin I

To include a curved earth let

n2 = 1 +a (Z-H)

where:

n is the index of refraction. of the medium,

a = 2/re, where re is the radius of the earth.

it is that height where n = 1.

then q2  1 + a (Z-H) - S2 : C2 +ca (Z-H)

where C = cos G1

so that

2
d + k2 [C2 + (Z-H)] Ey 0 (B-14)

dZ
2

to get standard form:

Let p 2/3 [C2 + a (Z-H)] (B-15)

t k 2/3 ? 1/3
-then (-) a = a'

2p

dZ1
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and then expanding gives

d2y dJ d dy j d dpi

dZ2  dZ dZ dZp

dd 2 d

dp2 dp dZ2

now, substituting the above results into eq. B-14 gives

d E 2 2/3 d2 Ey
(k a) (B-16)

dZ2  dp2

Also, since

S!k2 )2/3 k 2/3

(k2 a) kk 2

then

. 2 2 2/3 k2/3
k q = (k a) a [C2 + a (z-h)]

or
2 2/3
k2 q2 = (k2  )

so that the wave equation (eq. 5) becomes upon substitution of the above:

(k2 d) 2  EyjO
[dp2 p0

or

d2 Ey

2 + p Ey = 0 (B-17)

dp

The general solution to this equation is

Ey(p) = A hl (p) + B h2 (p) (B-18)

where A and B are arbitrary constants and hl(P) and h2 (P) are modified

Hankel functions of order 1/3. (See reference 8).
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To relate Ey and Hx:

equation (1) is:

d Ey_

or

- d-

d E Ydp i (k2a /3dE

dp -dp

Hx  -k (9)1/3 d E

1/3

let K =i 13 (B-19)
dE

ten Hx = -K dp
or

o Hx= -K{A hI  (p) + B h2 (p)} 
(B-20)

The primes on the above quantities denote derivatives with respect to the

argument.

From Eq. 13,

(Ili+1
E = C Ei - )C + C Ell L (B-21)

I and from eq. 11c

Hx = CEy - CEy I

also from eq. ll,b

r i
Ly =  y L-y

i
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Substitution for E r into eq. (11,c) gives
y

C E - CE y H x +C E

or

C E - H 2C2 E y (B- 22)

Substitutions into eq. 21 for r~ From eq. 18 gives

A h ' B ''- c~i (jRI+ + CE l~hp) + h2(P) = Cy C E

and substitution into eq. 22 for E and H froeqain18ndgvs

C [A hj(p) + B h2(p)} + K (A h1'(p) + B h2'(P)} 2 CE

-or[ A h1h,(p) + (B h2()+E 1  (.i + El~i 0~

A h.()}+(-..)C2(P) + Kh (p)) + 2E = 0

Equations 23 and 24 are the equations to be used for 'horizontal

p~larization' in the froe space integration procedure.

For Vertical Polarization:

Applying previous equations (e.g., equations 11 and 12) gives-,

Hy = Eli + Er (B-HA,)

Ex = (E11i 1 E11r) cos 01 (B-ll,a)

=II EIrI/Ell (B-i 2,c)

1R1 = r/E;I (B-12,d)
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Combine eqns. (1l,d), (12,c) and (12,d) to get

Hy = Ell + Elli uRII + EyI  jR 1

also combining eqns. (11,a), (12,c) and (12,d)

Ex (Elli - y ) C

In different form:

i (lIRlj+ I )  ( L.. I11

H C Ell + C Ey - (B-25)
y \

where C = cos I

and from eqns. (ll,a) and (l1,d)

E i=E C-Hy + i
! iEx =  Ell' Elli

or

C Hy-4 Ex 2El i C (B-26)

To obtain the wave equation for vertical polarization, follow

Budden (op. ct. pg. 343). Note that in this case the electric vector has

both vertical (Ez) and horizontal (Ey) components.

The wave equation for vertical polarization is given by equation 10

as:

d2 Hy2dH
7 a1 dy + k2 q2 H = 0 (B-10)

dU nI Any linear second-order differential equation with a te rm contain-

ing the first derivative (e.g., d Hy/dZ) can be reduced to its 'normal

form', that is a form without a first derivative term, by a change in the

dependent variable.

Let V = Hy/n (B-27)

ySor Hy= nV (B-28)
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then equation 10 becomes:

d k2  q2 k d2(n2) 3 }2 1 V 0 (B-29)
e- 2 d2 2  k2 n4 dZ

dZ^ 2k2 n dZ2  4k2  4V=0 (-9

where for a curved earth:

q2  C2 + a(Z-H)

Note that:

d(n2)- d (1 + a(Z-H)) a (B-30)dZ dZ

and

d(n 0 (B-31)dZ

The wave equation, Eq. 29, then becomes, after substitution of eqns. 30,

and 31:

d V 2 C2 +aZH 3 a V
dZ2  + k2  +C2 + (Z-H) - 4--n4  V=0 (B-32)

neglect this term

let
k2/3

= (k) [C2 +a (Z-H)1 (B-33)

Compare the resulting form of eq. 32 with eq. 17

Therefore the solution is

V = Q hl(p) + G h2(P) (B-34)

and since

H = nV (B-28)

Hy n {Q hl(p) + G h2 (P)J (B-35)
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Note:
2)

d(n) 2 nn or dn 1 d n )
dZ dZ dZ -2n dZ'2

but from eq. 30 dZ = a
• dn

dn (B-36)

Also from eq. 33,

(2 )1/ = a (k2 a) (B-37)
dZ a a

To relate Hy and Ex:

From eq. (7):

d H' dH =i k n2 Ex  (B-7)

1Z dZ
or

* I H_ i i d

kn2  (0

and

'Ex = n - + n V (B-38)

Substituting eqns. 36 and 37 into eq. 38 gives

Ex (ka) dkn2  Up- 2n2

~or
x _ 2 1/3 dV a -

lk n -k T + i 2{T  J (B-9
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Now define
1/3

K = i () (B-40)

and

L = i (f-) (B-a1)

Then

E, -L K !A +L V (B-42)

Since L is small let n 1

Then

n2 K_-+ L V (B-43)

n n n2  1 K d Lp

Substituting for V from Eq. (34) gives:

1 E 1 ~ (' h'()
n x - {K [Q hl (p) + G h2n! n22

+ L [Q hl (p) + G h2 (P)]} (B--.')

Substituting eq. 35 into eq. 25 for Hy givesRli • , j
n Q hl (p) + G h2(P)I C Ei + C E (B-45)

Substituting eqns. 35 and 44 into eq. (26) for Hy and Ex givps:
[C {Q hl(p) + G h(p) - K [Qh I (p) + Gh2 (p)])+

,r ]
2-~-{ (p)L [Qh l(p) + Gh2 (p)]} = 2Ei i C

(B-46)

Rn
V, Now neglect the multiplier n so thatlandIl will be alike for coupling to

get from equation 45:

( C hl(p) + (G h + ElI (B-47)
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and from equation 46:

(-q) {C hl(p) + [K hl (p) + L hl(p)]/n 2}

B-48

(-+ ) {C h2(P) + [K h2 (p) + L h2 (p)]/n 2} +2 E1
1 = 0

Equations 47 and 48 are tne equations to be used for 'vertical

polarization' in the free space integration procedure.

The four equations for ionospheric reflection at oblique incidence

(e.g., eqns. 23, 24, 47 and 48) may be used to accomplish the full-wave inte-

gration of the four ionospheric reflection coefficients (R) through a free

space medium over a curved earth. The integratior. is to be carried out

from some starting height "Zf", where the values of the R's are known, to

some other level "Zt" where the values of the R's are to be determ+ned.

The free space integration procedure consists of three steps (I, II

and III) which are as follows:

I. At the "from" level (i.e., Z = Zf) the known values of the ele-

ments of R may be substituted into equations (23, 24, 47, and 48) and then

two sets of boundary conditions, B. C., applied successfully. That is for

Set I assign (E,, = 1, Ey' = 0) and solve for the coefficients AI and BI from

equations 23 and 24; and for the coefficients Q, and G, from equations 47

and 48. Next, for Set II assign (Eyi 1, i = 0) and solve for the coeffi-

cients AII and BII from equations 23 and 24; and for the coefficients QII

and G from equations 47 and 48.

The procedure includes a need for solving two simultaneous equa-

tions. That is if:

a11  + a12B = V1  (B-49,a)

a2A + a22B = V2  (B-49,b)
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tnen

(VA a21 - V2 a12) (B-50,a)
all a22-a21 a12)

(V2 a,, - V1 a2 1 )
= a l l (B- BO,b)

(alla 22  a91al 2)

For Horizontal Polarization at the Zf (from) level, the follow-

ing identifications are made:

Identify terms of eq. 23 with eq. (49,a) and terms of eq. 24

with (49,b). That is let:

where

C = cos 01, Pf : implies a function of

k 2/3 o at the "from" level.
Pf (a) [C + a(Zf-H)]

11 = hl(Pf) , a12 = h2 (Pf)

a21 = C hl (Pf) + (B-51)

a22 h2 (Pf) +K h2 (pf)

P- ~V 1  -~E y(CEll

V2 = -2 E

where from (19)

1/3

K= i ( )

122



For Set I B.C.: (E' = 1, Ei = 0) Applying these boundary conditions and
y

the relations of equation 51 to equation 23 and to equation 24 gives:

A( a +( -B a 0
(" I21 +( i22 0

Solving these equations simultaneously by the application of equation

50(A,B) gives:

I .L " 2 Al (B-52,a)

() I al 2 (B-52,b)

where

al (ella 2 2  a 21al2) (B-53)

with a.. as defined in equation 51

For Set II B.C.: (E1 ' = 0, Ey1 = 1) Applying these B.C. conditions and

the relations of equation 51 to equation 23 and equation 24 gives:

f

a + (-~ a =-(R+)
C 11 kc~ 1 2

a, a, -2
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Solving these equations simultaneously by the application of equations

50(A,B) gives:

A ((R C+ ) _ a2)a (B-54,a
22 1

idetifcaton are leeatef2 lwn

Where A1 is again defined in equation 53.
For Vertical Polarization at the Zf, from", level the following

identifications are made.

identify terms of equation 47 with equation (49,a) and terms of

equation 48 with (49,b). That is let:

a,, = hl(Pf)' a12 = h2 (Pf)- -1 , (f ) ] n f

a21 = C h1 (pf) + [K hl (Pf) + L h1(p)]/f 
2

a22 = C h2 (Pf) + [K h (f) + L h2 (Pf)]/nf 2

61 Where from equation 40 and 41

r- 1 1/3
K i L =i

and

V = C E Y

V2 = - 2E (B-55)
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For Set I B.C.. (EI  1, E 0) Applying these B.C. conditions and the

relations of equation 55 to equations 47 and 48 gives:

(G ~ /R, + 1

VV 21 (-C.)1 2 2 -
Solving these equations simultaneously by the application of equations

50(A,D) gives:

Where
2 -(ella2 -)a21a12)

:..) - _ ' with ail as defined in equation 55

(G I EyI

For Set [1 B1C.: (E a 0, E - 1) Applying these boundary condi-

tions and the relations of equation 55 to equations 47 and 48 gives:
I I

Solving thtq equation simultaneously by the application of equations

50(A.8) gives:

/- .! -a22 (B-57 ,a)

11 21

A,A

Where A2 is again defined in equation 55
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The values of the electric field terms Ei{ and El at the "to" level

(e.g., at height = Zt) may be determined from the values of the coefficients

(A, B, F and G) as determined in Step I for the Set I and Set II boundary

conditions.

For Horizontal Polarization at the Zt "to" level, the following

identifications are made.

Identify terms of equation 24 with equation 49,b. That is:

a21 = C hl(pt) + K hl (Pt); V2 = 2E y*i
)t

a22 = C h2(P t ) + K h2 (Pt)

Where (B-58)

Pt 2/3 [C2 + c(Zt - H)]

Pt: implies a function of p at "to" level

K = i(3'

For Set I B.C.: (e.g. (El)f: 1; (Ey")f = O)

- a21 + (-) 2 2 = -2 Eyi) I

or /(A a~l () a22
((Ey) I 2 (B-59)

Where the values of (A/C)I and (B/C)I were determined by equation 52 and

the aij are given in equation 58.

I
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For Set B.C.: .g. (E i), = o, (Ei)f=

Set BC.: a + (-~) a2  -2((Eyi) t)II
(- *~ 21  /cI B 2

or

(sy) )j 1 ("2 (B-60)

'Where the values of (A/C)II and (B/C)II were determined by equation

54 and the aij are given by equation 58.

For Vertical Polarization at the Zt "to" level, the follow-

ing identifications are made.

Identify terms of equation 48 with equation (49,b). That is:G[
a rCh~t [K '' (pt lpt)]/h2 )a21  J Ch 1+ h 't

22 C h(t [K h' (pt) + L h J)1 /h2  (B-61)

V = -2(E, i

2 t

L = i( -) from equation 41

For Set I B.C.: (e.g. (El ) 1; =E'f 0

G) =2 ((El t)

a21 + (-T) a22

for a +
/ i'~'\~~ 0 1i 21  (C), a~,

/ I(IE, 2j (B-62)

Where (A/C) I and (G/C) I are given by equation 56 and the aij are

given by equation 61.
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For Set II B.C.: e.g. (Ell 0; (E f

(-C- a21 C -) a22 = 2((Ell 1)t)

or + G a21  4) Ia 22]

((E11  ) I 2(B-63)

Where (Q/C)II and (G/C)II are given by equation 57 and the aij are

given by equation 61.

III. Knowing the values of
(Elli i) t)l I(Eilit)llI, ((Eyi) t)l and ((Eyi)t)ll

at the "to" level, from both sets of coefficients A, B, Q and G, as de-

termined in Step II, the elements of the ionospheric R's can be found at

the "to" level.

For Horizontal Polarization equation 23 at the "to" level is:

(-hl(Pt) + ()h 2(t [El t(±c C )(-4

+ E, ] ( t 0 (64)

Applying the B.C. of Set I for (A/C), and (B/C) I to equation (64)

and applying the B.C. of Set II for (A/C)II and (B/C)II to

equation (64) gives two equations.
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+ ((E, 't/i \ 'c \ , )y d-

'I! A lPt + ( h (B65
I' hCp h2(pt) = 0 (-5an+ (-s), i, (t + 1- ) t Ro,

4 and

* (EY )t(IRIC+ 1) (+ , 11  )

(- A) h1(Pt ) + (- u) h2(. t ) -o (B-66)

Identifying terms of equations 65 and 66 with equations 49,a and 49,b

respectively gives:

F= (14- (1" iR)

:' ~al t = Ell a22 2 II
a11 V ( E 1 \a 12  = ' y') t

a 1  ((E1:it a,.2 =((E)t) (B-67)

V, *. hi(Pt) + ( t)

V A
=C) hl(pt) + ( Pt))

Then from equation (50,a):

1 y I I V 2(y i)t)

. = i i(B-68)

___t i)) y (i)) -E 1 _t (Ei 2
.- I rI IL I

And from equduoir 'W I

-(jRjc+ 1)  V2(Ell' I
i C (B-69)
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For Vertical Polarization equatior 47 at the "to" level is:

°' i )

+ (E yi)t ( tR j = 0 (B-70)
nthe conditions of Set I for (Q/C) I and (G/ I to equation

70 and applying the conditions of Set II for (Q/C)II and (G/C)II to

equation (70) gives the two equations:

I

a1and

V2 
-  () hj(Pt) + () h2 (Pt) 0 (B-72)

Identifying terms of equ1tion 65 with equation 49,a

!,/ 1 IRI, + 1 R1

.C c t \C/)t

a. 1all EI')t I a 12 (E) )I

21 k= El22 y )t

- Vl=c, hl(Pt) +  Pt
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Then from equation (50,a)______ ____________

(IIRtI+ 1-) v1 ((y t)) '2 ((By73)t
c -)t ((E, t)) I ______t)_1________________j ( -73

2_______ (El(Ey V (ll) )j

CI I \ =V ( u i t i ( 1~ ( B -7 4 )
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I APPENDIX C

SAPNMODIFIED GROUND REFLECTION COEFFICIENTS

Given: The Fresnel Reflection Coefficients at the ground (i.e., z = 0)

-N2 - W

CN 2 + W

C C- W (C-2)

where

W V V'Ng2 _ S 2  (C-3)

~with

S sino

Ng = index at refraction of ground

Define modified refle,'tion coefficients as:
r

I(-!-+ 1)/C B = (i + 1)/C

(C-4) (C-5)

where C = cos e

substituting equations 1 and 2 into equations 4 and 5 gives:

'gA + . .. + /C

/CN2, - W 
(C1/CV g(c-6)

L CN2 + Wg

B : C + 1i/C (C-7)
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then with further manipulation:

+ CN 2 +W+0N W
.g

C-N-- 
I/ 

(C-8)

Ng _W /9[1C - 9/~

and

'A so that:

dj ld,, = [C - 1] (C-II)

The final forms of A and B as presented above are well behaved functions

i, as N o and a 90'.
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APPENDIX D

MESH SQUARE ANALYSIS

Consider an individual mesh square. See figure D-I. Any

point in the complex o plane which lies within (or on an edge of) the
square is described by the complex function F(Orei). That is:

F(O) = FR(Or,Oi) + j Fl(Or, Oi) (D-l)

and

0 = er + je. (D-2)

where

FR(B) is the real part of the complex function F(B)

FI(e) is the imaginary part of the complex function F(6)

a is the real part of the complex number (e)

oi is the imaginary part of the complex number (e).

'The lower left hand corner of the square is taken as the

reference position and each side of the square is one-mesh uni in length.

The geometry of the ..,esh square is shown below where the F(e r,6) values

of the corners of the square are identified.

F(O,l) -EDGE ® F(l,l)

EDGE

K EDGE
Oi T  IMESH

0.U0 UNIT

F(0,0) EDGE (1) F(1i,0)

Or

Figure D-I. Mesh Square Geometry
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A basic assumption put on F(e ,ei) is that FR(orlei and

Fi(Orei) are to be linear along each edge of the mesh square.

The function of F(e ,ei) at any point within the square isri

given by:

F(e ,e i ) = F(0,0)(1 - e - i + r ei)

+ F(0,1)( ei - o rei )

+ F(1,0)( or - Ore i )
+ F(1,1)( erei)  (D-3)

or expanding:

F(erei) = F(O,0) + ei(F(0,1) - F(O,0)) + o,(F(1,0) - F(0,0))

rlri
+ a ri(F(O,O) + F(1,1) - F(0,1) - F(1,0))

(D-4)

which can be written as

F(e ,Oi) = a + bei + cer + dorei (D-5)
r 11

(a) Hyperbolic and Asymptotic Lines:

Consider the imaginary part of F(OrO i) and Fi(r,0i) = 0. This

gives (from equation D-5):

ai + bie i + cier + dir i = 0 (D-6)

Also, in the same way the real part of F(e ,ei) gives:

ar +bei+c + 0d0 =e 0 (P-7)

Equation D-6 (or equation D-7) is the equation of an "equilateral" or

"rectangular" hyperbola with vertical and horizontal asymptotes.

To determine the center of the asymptotes for the hyperbolic

curve ui equation D-u, that ejuatiki U,......... f.... r .nd..

for e.
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That is, (from equation D-6):

(ai + bie i) + (ci + diei) 0r = 0

or
S(ai + biei

r -ci + di e i (D-8)

Also from equation D-6:

(ai + co) + (bi + di r)ei = 0

r a. + CiOr r
orir

ei b + dt.8 (D-9)

Now let 0r - in equation (D-8) so that:

ci + dio i = 0

oil

ci  (D-10)

The line described by equation (D-10) is the horizontal

asymptote to the equilateral hyperbola.

From equation D-9 let °. - so that:

bi + dioe = 0

or b
iOr = (D-11 )

136



The line described by equation (D-11) is the vertical asymptote to

the equilateral hyperbola. These asymptotic lines in relation to

the mesh square are illustrated in the following figure:

F(O,l) F(l,l)

r" ., 1 l -_ ci

= bi
rT

F(O,O) F(lO)

Figure D-II. Vertical and Horizontal Asymptotes

for an equilateral hyperbola.

(b) Intersection of Hyperbolic Lines with the Edges of the

Mesh Square:

Identify the edges of the mesh square, as shown in figure D-I, as

edges 1, 2, 3 and 4. Also, consider only the imaginary part of

F(O ,Oi) of equation D-4 and equate Fi(er,Oi) to 0. Equation D-4 becomes:

FI(0,0) + oi(Fi(0,1) - FI(0,0)) + Or(Fi(lO)

- FT(OO)) + OrOi(Fi(OO) + FI(1,1) - FI(0,1)

- FI(1,O)) = 0 (D-12)

To find the intersection of a branch of the equilateral hyperbola,

described by equation D-12, with edge No. 1 of the square, set or 0 and

<r
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IF
note that ei varies between 0 and I along edge No. 1. Equation D-12 becomes:

R FI(0,0) + O(F 1(o,1) F 1(0,O)) 0 0

or
-F1 (00)

0i FIO.1) - Fi(O )  (D-13)

Therefore the point of intersection for edge No. 1 is:

or --0, o is as given by equation D-13.

The point of inter;ection between the hyperbola and the remaining

threc. sides may be computed ir. a similar manner. The results are as

follows:

The point of intersection for edge No. 2 is:

FI(0,0)
O or FI(1,0) - FI(O,0) , o = 0 (D-14)

The point of intersection edge No. 3 is:

=. - FI(1 1,0)
r i FI(1,1) - FI(1,0) (D-15)

The point of intersection edge No. 4 is:

-. F(O,1) -- 1(D-16)
er F1 F(1,1) FI(0,1)
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APPENDIX E

SOLJTION OF THE QUADRATIC EQUATION

FOR THU GENERAL ROOT-FINDER.

Given the Quadratic equation as used in the Root-Finder procedure:

X2 + 2bX + C 0 (E-1)

2b_ \4b2  4ac b ;C
2a

let c = -ac/b2

and then (1+0 )1/2 - 1 + 2

2
+ - - .

3"2

Now X a

so that

i) /~_acr2 (-1) (-2) (ac)1 b -a

F~ 1) (q-i [1+1
+-f [) ac] G 21)G 2) .ac2 -- (E)

let to :1

F t~2 - ac]

2 332
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or ti : t-1 \(-1) h- 'I

or ti= ti --

and t- + + t t (E-3)
I Y ~ U ( 0 1 2 N)

Now X1  b [_1 + E

also X2  b/a [-1- +T-T-] 

Then: -Xl b.+

and -2b bb -2b
an1 a' a

-2b X b b

or -L XI VTa a

or -2b Xl=b -  " : - J

such that:

-2b X X (E-5)

Equations E-3 and E-5 give the solutions of the Quadratic equation (i.e.,

Equation E-l) as solved in the Root-Finder routine.
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APPENDIX F

FORTRAN LISTING OF

THE MODESRCH COMPUTOR

PROGRAM

~I4
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C ~~ OGAM N $$ 11OESR.CH'I*I*
CTHIS PRUGRAP FINDS TKE~ WAVmCWIDE MODE FOR TH4P EARTH-IONOSPHbik

C vi,%-7JIIA Mt~ tLF-Vt.F-LF

C PROGi(A'4 FOR~ CCP4PUtING EARTH-IONOSPHERE WAVEGUIDE LIGE~NW-LFS AND
C fXCITATIflN FACTOK4S WHICh ARE OLTPUT UN PUNCHIED CARDS
C FOR USE IN A PROUGRAM wHicH cflMPUTES FIELJ STRENGTHS*

C THIS 'guuTI&E CONTROLS THE SEQUENCE (4 INPUT AND EXECUTION AND
C PRO'VIDES FOR NAMELIST INPUT. A DESCR~IPTION OF THEL
C INPUT PARAMEIERS IS GIVEN IN A DNA RIPURT.

C :.4.40N/IC COM/IDENT(2O1
LOMV.1ON/IPTALT/ TALTPALT
C91?mtN/f6P41/ tBPRINT

C~t4MCsN / 'TZ2 (/RlrOL
COMt4ONMIA(,T C/IFXACT
COMMIUN/FLO CUM/AllMoCOOIPoMAG FLD
COMMON/FFQ COM/FREQ
CJ)MMfN/Ght) CnM/EPSRSIGMA
CUMMON/B-P C0M/8TAHP.Ih~tSCLHTSI~lNtd
CCIMMCN/6R CtM/OMEGAWETMPUB3
Ct'MM(N/TCPFN C/TUPFN
C(A4MLN/EtXPNU C/CLEFNU(U)9EXPNU13)
COMM1ON/IN CO'/IUNS9MRATIU(3h
(W4MON/LIMS L/RANGER(Z) ,RANGEItZ)
VfMMt'N/GPAX C/GMAX
COMON/PARAM C/TMESH
C0,JMLIN/SfP CJM/SEP
COMMCN/TCL COM/LUB
(AJMUitN/NIGN C/NEIGEN
(O.MM(',N/NFNCH C/NPUNCH
CtC'4MC'N/CfZE Pid/CARUPT
(C.;MN/CPD PNC/CAROPN
CCLi'HO/CLT OF/ [CUTCUT0FF
C(t4MC-N/Rt-O COM/iWIOvREFLhT
COiMMUN/IH CCM/H
COM~MON/1MRNT/MPRI NT
CnMM0N/X)FRNT/XPkINT S
CUMM0N/FXrRA9/I8IUFFR(5U0)

C
KAMEL IS 7/DA TUM/ AZ IM CO~i kpMAG FLO,9

s ~FREO, tTA LT tRALT t
s LPSPSIGMA#

s BETAHPR!MESCLHTS9ENMIN#

s TPFN tTEMPOB,
$ C0EFNJUEXPNUtNUFLlG#

1$,MRATICTMESHvLU8 9
S FANGER9 RANGE1 t
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GM4AXtSIEP#fFTO~IEXA Tt

ICUT#CUFP
0 P I N T ,NVP
PP t'~INT XP',1NT #CAikDOT CAR DPN

VPtcC,.ER rKF,CULP.A)ATjUIT --i
I'NTL(,R CAaOIT#CARDPN4
INTEG;FP XPIOtNT
INTEGER OPI4NT
tPII&L M4AGFLI),ATI0,tLUB
I)I MF 3( N~lr I ac 0( 20
014 TA PR VF/*PROlF fCUt L COLF 9/IDE N/' I0 D /

$ hiAVE/WAVr#/tADAT/# &0A*/,JENO/' £EN'/9

0TA M-RH~/13 I/

C

1*I41TIAL VA.U S OF NA'iELISI PARAMETERS.

I XAL T=0
ICUT
CUTOIFF=Q* .001

TCPEN Is0E3
SCLHTS =3#U

Ekt = t.,E-I
T CMPO R 2 .0

RHO = O*C i

TA-LT=iu.0
RAt T 3.

Gt"AX = 50

SEP = 091
TVSt-=-1 .0
LUB=-Io0

C
NUFLAG = 0
COEFi'U(1L .) b1
C UL FPU( 21 *5UF
C OEf! U ( 3 te= 4E
F)'PNU(I) =01
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EXPNU121 -0. 1
FEXPNU(3 a -0.15

C
MFATlIl) =1.0
MkATIO(2) = 8O00*
MRATIM() = 58000O.0

C
I IL'tNS =0

Nrl(;FN =0
fPUNC'H =

IePRINT=0
11PRINT =0
XPRIN'T = 0 J
CAfk0PTC
C Ak OPNa 1

C
DOr 7 1 = I,2Q

I IUiLNIl) =Ii3LAN,.

C OFFAULT VALUES (IF GROUND PARAMETE~RS ARE TAKEN AS SEA WATER
SIGMA4*t4
EPS~x=8i.

C
C COJNTR'OL OF StQUENCE OF INPUT AND LXECUTION.

IJ. RFAO(5#'iCl9END=9999)I8C0
PRINT 9029 IBCD
IF 1ItiCO(1) *EQ* PROF) Gli TO 11
IF (ISCOMl *EQ. CO11 GO Tfl 12
IF (lIBCD(1) *EOo IVEN) GO TO I.*
IF (IBCOM1 .EQ. APATI GO TO 20
IF(UBCD(I) .EQ* Q)UIT) i;0 TO 9999
PRINT 9'u0

9.0C f-OkMAT 4, ,ERHOR IN CONTROL CARD')
STOC!P

C
9999 Pk4NT 9998
999c3 roRMAT0't'***THE CALCULATIONS ARE COMPLETE***$,)

stop
C

Li IONS=0.
!f (IBCD(3) *EQ* ITHREE) IUNS I
C*HL L PRFL IN
HPRIMEZ-99eO
GO rO 10

14 CALL COLF IN
: j bUF LA GO

C(IEFNU( 1) -99.0
GO TO 10

IZ OEAD 90 1,91 ENT
PRINT 902,itJENT

WWI GO TO 10
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c.
r
C NA M I IS II NPUT,

I U~ 4 )= IEtc ( 2)
Jj

i)Ikj'4T 9C2,1ACD

I~uFFR(J)= BD)
J = J+I

21 tXNTINUE
22 UN-R(J = 1BCO()

j = J) =

I F ( TME S H *LT. J) TM ES H zS WRT(3 7 5/ F WEQ
I F( LU 8 . L T. 0 ) L U zSO RT (I:. 0 / FRE Q*0. 0 1
P;IN T 2 C 'oiT M S H 9LU B

j) FL.AMAT(IC19TWE2S4 'tFL-,4XlLUB ',F6*41
I FNFQ .L E. 1 .0 IFXA CTII

IF (NUFLA. .EQo J) GO TO 40
COfFNU(1) =4*303ELI1

CUFFNUL,.) = loU7b210

t XPNU(2) a -0*.lbU

*EXP'4U(:)) -O.1te2

C AISCELLANECUS INPUl OPERATIuNS AND CALL TO CCNTROL ROUTINE,
4) Ijfit4PR1'-F .GIe 0) CALL SET SN

IFitlPQIMIf aLT. 0 *ANC.9 FRE, OUT, ls0) CALL CUT TuP

I (kANSEk(1) .LT9 RANLEK(Z)) GO TO 41
TEMP =Pf.NLERII)
RANGEti(li = fANGER(2)

F.AN'~GfR(2) = TF'4Pii 41 IF I'ANGfItl) *GT* RANGMI2)) WO TO 42
TEMP = RANCItI.
R 6N GE I ( I K NC k 1 ,G12)

42 ANGE H 2 J TFIP
4CONTINUE

INCR=IT IM ( ICK)

CALL WVGLIDI

-4 TIME=FLEA i(INCi/U WO
PR 114T e 15 TI ME
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bi~ F(,MATt o*0,/1 TIMIE REQUIRED FOR THIS PROlFILE *t'FLO.Z' SfCtlNoss

PRINT 980
90 F(IRMAT 'I

IH HPRIV- .LT. 0 )CALL FLPEAT
W( T(J 10

001 FUiImAT(2CA4)

END
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bu$PtiT INE WVGUID

C CC4PTkh'

CttWMMN/ICL COt4/TfjLICbMjrMflN/IXA"lT C/I-EXACT
CVM(JN/PFkNT/MPF TNT
CCM0NFk\CH C/NPUNCH

rC4M(ij4/rFIG,,J C/NE IGEt4
CUM'4tN/LIMS C/RANGEPf2),i',ANGl-I(i.)
C0:MMUN/PARAM C/TMESH
COMMN/uPAX L/GMOX
COMMEON/NP OF AS/NR A
COMr. fHTS C.JM/1-TS( 1OIJ)
CtJMMUN/SIDES C/TLEFTTRI(,hTtTBO~tTTOP
C(PVMrN/7HPTA C/THETA
CuMM(IN/FIG CUM/EIGFN(1JO),NR E
rCPliM()N/IcX/CT C/ KEXACT
Ctjf'M,N/C: CLM/VU
CC14PLEX 7HEft',EhEN,

ELIST(IJO)i
TFMP

IF (NPUN~CHt4 .Qo 0 .AN~Ie NI\SEN *F14. 0) GO TO 90
r
C lUiTIALIZE FULL-vvAVE S ILUTION*

CALL SET PK
CPALL INIT 1

* C SET UP SMA~LL 'WETANGLES.
Nk EL =0
rNk R('XS = (RAN,;E(2)-RANGR(fl)TOL)/GMAX+Io3

aIF(IEXACT .,NF. U) NP BOXS =I

1$OX = I
TTOP = IRANCE1(1
TROT = F:ANCIM2

TL'tFT FAKGR(?)

20 TRIGHT = hEFT
TLEFT =TRIGHT-RLSPAN

C SET rkEFE'RENCr. HEIGHT AND INITIALIZE LAGRANGE INTERPOLATION.
D 0 0.0
I f IF XAC T * EQ. v) CALL SET RH

C INITIALIZ~E RBAR SOLUTION ANO FREE-SPACE INTEGRATI.
CALL INIT IRB

* CALL INIT rst-is(RA)o
r
r 7IN) L~hOS CF F FUNCTION -LAGRANGE INTERPOLATIC\ uSLJ) IF NOT ELF.

KEXACT=O
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CALL FLESCIS (TLEFTTRIGHT TBoTTTUPTMESHTaLMiPRINT#
$ EIGE14#NR E)

I (NR F of Co 0) GOu TO 17

C tIRUFR IIGEN ANGLES K63fRVING hi VALUE~ OF REAL PART*
I (KIP L. EQ9 L) GO TO
NREMI = KR E-1

JIPI = JE+1
t. J-=JfP]lNR F

16F (REAL U JGErN(J)) *LT* REAL(EIGEN(JE))) GO TO to
TEMP = ICGEN(J)
FIGENIJ) =EIGEN(JE)

[IGCN(JF) =TEMP
*62 CONTINUE

.63 C t~TI NU F
64 CoNTI NUC

C FrILLt F IGEN ANGLES AS F I-UNCTION IS CHANGEfl FROM THAT USING
C LAGRANGE INTERPOLATIOiN TO THAT USING EXACT
C FULL-WAVE SOLUTION VALUES UF REFLECTION GOEFFICIENTS.

IF(EAACT 9EQe 0) CALL FINAL
IF(14R E .EO. 0) GO TO 77

C
*C IISCAP') FIGEN-ANGLFS wi-Kmr AKE OUTSIDE CURRENT SMALL RECTANGLE.

J=L)
C Li. 71 JE=ItNR F
I F (PEAL(EIGEN(JE)) LT*1 TLEFT-Zo0*TOL oQR.

1 fkEAL(EIGEN(Jt)) .GT. TkIGHTI-2*0*TOL) GO TO 71
J= J+1
E14.7rINj) LIGEN(JE)

71 CONTINUE
N P F =J

C
C S1L3RAGE OIF EIGEN ANGLESs

IF (tl E .EDo 0) GO TO 11
P'L) 76 JF1,tNH E

7o EtIST(NP EL) = EIGFN(JE)
17 B~OX = IOX+1

IF (IBOX *LE* Nk BOXS) GU TO 20
KFE= NR EL

IF- UAR E oEQ* 0) "0 TO ts
Di78 JE=1,NR E

7o EI(,EN(JE) =FLIST4JE)

C CLY'PUTE ANP PUNCH NPUNCH UUTPUI AND PRINT TA6LE.
If (.NPUNYCH *NE. 0) CALL NP OUT

C
C OR INT ANU PLNCH IurN ANGLES IF NEIGFN SET TO 1.

I P (,,F I GEN &NF.E 0) CALL Nt OUT
RETURN
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9b! F61i4A T (to#,I montS')
Sr I uIA N

9c PIONI 99C,

990 FctI-4/T (4011,SET NPUNCti UM NEIIEN)
STO

Ic
EN

I4
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SCt P.1uR(,uT I NE:SET kHa

C kOtil INE F~ik SILFCT ING ~It POINTS IN TlHP LAGRANGL 1NTEiKPOLATION
I fA SELECT ING THE REFERENCE HEIhTo

COMMU N/ VPR NT/IvPR I NT
C(1AMN/PAPAW, C/7MESHICLMM'W HIS COM/HTS(iO01)'A
CLNIP(F A/,Nk t 'A
CU1CNSISC/TLEFT*T^I~ilhTpTB0TtTTOP I

CLIMM(.N/lHETA C/THETA
C OMM N/ IE kV C/ IER IV "
CL)MMN/IhTt-K/R (4) ,CiD('t
CtiM4(N/t", CCM/D
D MFNSICK PARTIZ)
COMPLEX lHEIARt9ROCt

PAAT5
THTA(20),

FQiijIVALEKCE (PAPLT(I.)PAkTS)
DATA H7 INC/1*O/
D)ATA' HMARGN/20.O/

C

C Sf-LFCT VALUES OF THETA AT WhICH FULL-hAVE SOLUTIONS Ak.E TO BE
Ct CARR.IED OUT FOR USE IN LAGRANGE INTERPJLATION.

JLT = TLFFT/TPFSw4-1..)
JI'T =TkIGh"T/TMESH42*0
JEOT =Tt~CT/TMESH-2.0
JTOP = TTP/TMESH

J~uP =JTCP+l

PART(l) = (JRT+t)*TMSI1
PAKT1Z) = JTOP+j)*TMESH
THFTAGM1 PARITS
PAO'T(I) = (JLT-1)*T MES H
PART12) = (J fOUP + 1ITA-SI I
T6FTAG(Z) PARTS
PtkT4I) =(JRT+i)*TMESHIPART(2) =(5Tl*MS
THETAG(3-) = PARTS
PA RT(U 1)=JLT-1)*TMFSH-

pl:PAPT(2) =tJt3UT-1)*TME5H
THET/AGM4 = PARTS
NG= 4
CALL IN17 L6 ITHFTAG#NG)t

CSCLFCT THE FEIGHT (TO NEAREST WHOLE KILOMETER) AT ~nICH .
c 1HE MINIMUM OCCURS 1-1J

c IHF SQUARF OF THE M'AGNITUCIE OF THE DLfkIV,4TIVE OF

C (Rti.,h/C 4RT C=COjS(THETA)v SUMMEU OVEK ALL FOUR
C FLEMLNTS OF H=REFLECTION% MATRIX ANU SUM44&:D OVER ALL
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Jr~- -

C POINTS AT WHICHJ FULL-WAvE SOiLUTIONS AkE CARRIED OUT
C ION USE IN LA3TRANGE INYEIRPULATICN* LERIVAIIVES UF THE
C FULL-WAVE SCLUT!ONS ARE NOT COI"PUTED* RATHER#

C f EKIVATIVF; %F THF LAGRANGE INTI-RPCILATILA FOrkMULA
C APE USED. NU.TE IHAT THE FULL-WV SsUIN R

C CARRIED) OUT TU rTik 60TTOM OF THE PkOl-ILL At-TER whICH
C THt FULL-WAVE SOLUTION IS CARRIED OUT IN AN UPWARD
c LIIKECTION TI~riOUTH FREE SPACE OV~ER A LUIQVr. EARTH TO 4_
C fHEIG.1TS AT ONE KILOME~TER INTERVALS* THll HEISHT AT

C NHICH THF viINi~uM OCCURS IS PRINTED OUT AS TE!
C #REFLECTION HIT' AND IS THEREAFTER UlSED AS THE
c EFERENCE HEIGH1i AT iNHICH THF F FUNCTION IS COfAPUTED*

IF tMPPINt .NE. 0) PRINT 91
1FORM~AT 1119,'INTEG<ArIl(N TO) DETEkMINE REFLECTILN HTi--')
lVERIV 0
IKHTEMP 9,E
kf SAVE 9*9F9
LIMIT NG

I DC 12 JG=IvN3
THET4 THETAG(JG)ICALL INTEG

14 CALL XF~fk IRR GIVEN(19JGJ,8)
C

CALL XF I, (R GIVENqR(flTqNGb)
CALL XFFF (R GIVFNR Tt:MPNG8)
CALL XFFR (P GIVEN~t( SAVENG3)

*CALL SFT LA,; (NGR 31VEN)
00 Il JG=1,LIMIT
THEITA = HETAG(JG)
CALL LAG DER

13 G = GB+CABS(URDC(I1)**2
GA MIN =Gr3
IF (MPH INT .NEo ) PtiI'NT -JI2,HTS(NR A),GB

CALL IrNIT FS (HTS(NR A)9hTLAST)
GP = 0.0

DO 1,o JGI, NG
THETA = 7HETAG(JGI
CALL XFCR (RHOll41JG)vRv6J
CALL FS INIG

15 CALL XFER iRtH G.IVEN(IJG),8)
CALL SET LAG (NGtR GIVEN)Ac EJ=1111
THET =G .GT G IN T 1

CALL LAG151



RHTEMP aHTLASt
C8 MVN xG8
CALL XIE'R (R dt-VENoR TEMPtNG8)

1.7 kHSAVF a RfiTEMP
CALL XFF (R TEMPYP SAVEpt,48)

I J HTFRST - LASf
IF (HTFPST *LT, (HTS(U+ 4iMARGN) ) GO TO 1,4
IF(RfiSAVE *GT* 9*0F9) Go to 90
D = RHSAVE
CALL XFER (R SAVER GIVENNG8
CALL SET LAG (NG#R GIVEN)

PReINT 9l39UvTLC-FTtTRI#JHT
9L3 FORMjAT (1010REFLECTI0N Hf SE7 TP',F7*2tIX,'Kf*'

S 5XPITHE A RANGE = ~*3# TO *,F8.3)
C

IF (14PRIhT EQ,, J) 0C TO 39
PFINT 931

o31 FOR4AT ( 101 0REFLECTION CUEFFICIENTS AT THE GIVEN POINTS- -)
00 3s: JG=I,NG

32 PR~INT 932,TlHETAG(JG)9(k GIVEN4IJG)tI1,v4)
*932 FURMAT (0040AT THETA = ,2F9,.3,5X#'R s9(X2F*)

39 CONTINUE
* I RETURN

C
90 PiINT 90UtTL FTIJRIGHT

900 FORMAT( #COPREFLECT IUN mT CANNOT BE SET FOR THETA eRAN%#' t
$F8.39' TC 19F8.21)

- STOP
C

END
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SLf,fUTIKF PRFL IN
C FOR MS
C THIS !riY~iNTK$ PROVIDES POR INPUT UF ELECTRON DENSITY A;410 COLLISION
c IRF-QUENCY PROFILE CA&DS ANDf FOP LIM~IIINU Tii EX~TENT

C (Of THE TOP AND BOTTOM OF THE ELFCTRUN 0t6SITY PROFILE.
C INPUT OF InN PROFILES IS ALSO PPOVIDED FOR* FUR~THE
c CESCR1PTIOJ OF THF INPUT IS GIVFN IN A W~A REPURT. z

if CThMN/kt('NNr4NUvHTS jNUt!)01ALCNU(5013)

Cc'%Mf!N/CLT OF/ ILUT#CUTOFF
,i. I CLW*t1fNlILI) CUM/AZItACODIPMAG FLE!

CVMMON/FRQ CUM/I FREt)
C(!M14C;N/tQ OiF AS/NR A
COMMU/HIS CUMIHTS(LOU1
CU434UN/ALOGN C/ALOGEN(10193)
C0Wv'WN/tA14P CO/BT r~ M SLT NI
Ct0r4MLN/rX1PNU C/COEFN04(3)qEA(PNU(3)
CC11 41 N/I101 CON/IONS 9MR ATI Ot3 J
COIAMON/FN COLL/HT9EN43JsCNU(3)
COMMfN/6FI COM/OMEGARTMROQi
C0.AMON/Hf/HJFWA
COMXMjNITCPEN CITOPEN
CCMMLIN/JAY CUM/JAY
RFAL M.GFLDMRATIcJ*1 O~IMEN'SICK IBC0( 20)9,ENS( 3),

4ITITLr-(20)tSAVHT(i0lJSAVEi'(101,i)

C

*C,

C INPUT OF AN ELECTRON DENSITY PROFILE, IONS OPTIONAL*
C

cFAt) 901,18CUI
PFI NT 9021,1 BCO
nn 113 K~ =Lt20

Ili ITI TLE(K)=I BCD( K)

11. READ 904vJITtENS(1),ENS(1)
904t FC2RMAT IF7,295XtE9.2tEIO.2)

IF (H7 .LT, 0.0) GO TO 15

HTS(J) =E 1T ANC, HTS(J) oGE. HTS(J-1)) STOP

ENS(:)) ENSM2-ENSMI
4ITLJ
SAVHTHJ)=HT
SA V FN (JIIEN S 1)
S AV EqJ J2)E NS( 2)
S f.v EIN( J 3=E N S 3
P9 I NT 9l16,HTENS( 1),ENS(2)

9 1 FGRMAT(' $#,~o',XpIPE.~vEl0#2tElO.Z)
n3 13 K1,s"
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IF ( NS(( eLT* 1.0F-10) ENSMe( 1.OE-10

j =J+1
Go. TO L I

53 PkJNT 93(lI-Ir
iFTURNd

c

c
FNTRY REFEAT

C
C THIS SECTIJON IS USED WHEN tH- ORIGINAL UNMODIFIED PROFILE
C IS TO BF USFO IN THE CALCULATIONS
C

NP A=NTCT
00 la4 K a1
DC' 134 KJItNT07
HTS(KJ) = SAVHT(KJ)
IF-tSAVEN(eKJKI oLT. l.iufr-101 SAVEN(KJ,K) oEL

134 ALUGEN(t'JK)=ALOG(SAVEN4(KJtK))
RE-TURN

C

C INPUT ur CCLLISICN FREQJUENCY PROFILE CARDS
C

21 READ) 9%) s(13C W L) 9Li vO)
PRINT 9O29,(l3LD(L),Ls1,2O)
CALL COPF (18C0#60)
Ff:A0 W6,0905) 4.TCNU

9O 0!LIFRMAT (F7,2t'cA,3{1X9E'9.2))
IF (HT *LT. 3.0) GO TO 21
HTS NU(J) =H7
00 .K1.

22 ALCNU(JK) ALCOG(CNU(K))
J = +
'Gu TO 21

RET Uk N
C
C

C
ENTR'Y SET EN

CUSE CF VAR ICUS NAML LIST PARAM1ETER~S TO SET UP A D1ESCRIPTION OF AN-
C. FXPONENT[AL EL~CETAUN DENSITY PIRCFILF IN TERMS UP

W, ge-C VALUES AT THE TOP AND R~UTTUm OF THE PROFILE*
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IfISMi A!NTfHPAIME*SCLhTS/8bTA.O.5)
Fh~z obl 3E-$*CEFNUL)*EXP((EXPNU(L)+14TA)*HT~(L)-ETA*HPRIMF)
At o~i Ni 1 91) = A Lf)G( FNA I
HI1$t(z) Im(ALLoGtENM IN/(? *6553 51--5*COEU( M)+OLT PR LM E) I
$ (ExPNU( L) ibETA)

irIHISt!) .GT, 0.0) GO TO 501
HtIS (e) = (i.O
IO- 1o$5535F--5*COEFNUf L)$EAP(-lIETA*HPRIME)

(oit) T 502
501 AL0VLM'2(,1 ALOG(ENMIN)
504 Nik A z 2
951 FCGP.MA T ( 0 ff*'8#5aX1PE9*2)

C
C ----- COtPPUTED PROFILE PAkAMFTERS----
C

POW:i. 2 8-1 b5307rtO3* FREQ
POY- 1* 7!~8 M;D I I/ PDW*MAGF LO
PRIN~T 213

213 FOkfMT(I COMPUTED Pi&Of-ILE PARAMZTERS:'/

00 25 L-1#2
Pe?.UCEiNU(fL* EXP(EXPNU(1)*HTS(LI)
POjNFa7.85!35O)-05*PONU* EXP(BETA*(HTS(L)-HPRIME))
P~i'Ra3. LS2.5ID09*PON'i/PONU
POX =3. 1d23!)D09*PONE/tPuW*POw)

* P(jZ=PONU/PDW
25- PRINT 2149 HTS(L), P(JNE# PONU# PCX9 POY, POZ# RJWR
214 FfciA T( Flo.I #6E12,31

C OUTtRMINATION OF HEIGHT WHER.E OMEGA-R EQUALS 2-5103
t10FwfxHPPIME

PkNT 952,HOFWR

C

CI C ENT:'Y CUT TOP

C USE CL TEMPC-B AND TOPEN T0 LIMIT THL EXTENT OF THE TOP OF AN
C ELECTRON 6ENSITY PROFILE WHICH HAS REEN INPUT FROM
C PROFILE CARDS. APPLICABLE ALSO TO THE ION PROFILES

C IF IONS ARE AN INPUT*

c TH VAUF F 18#1AS DESCRIB3ED IN Gs. TEMPO1 iEPORT 75-TMIP-9t,79

2 A C
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c Mt rwFTFIt'INE THE VALUE UOS'CUTO TO BE USED
AND L)C CUT' OFF THE TOP OF THE PROCFILE

0vi(A=6.2b .I9E3*r-RFQ
PLASCN=).lU35i7Fv
00 56 0 JRFV=ltNk A
J=NA A-JQEV+i
HT-ITS(J)
JAYaJ
IP(J *EC* NR A) JAY Ng A-1
CALL EN KU
0MI1VNUx IC & *0.MEGA/C NU( I)

IF(OCUT 0 LT* TEMPOB) ACUT aTIEMPUB I
Lz=(PLAStAN*EN(L)*CNU(1I)/(UMEGA*(UMEGA**2+CNU(L)**Z))

lt(3 .Gl. F8CUT *AND. Fi(I) .GT* TUPEN) SO TO 5(.t
58 8OT=8 1
hfZxPLASCN*EN( 1) /CNUQI)
IHICINS *NF* 0) wR=WR+

S PLASCN*FN(2)/(CNU(Z)*MRATIU(aJ)
s +PLASCN*FNt(3)/(CNU(3)*MRAT1O(,411

tjod FUkMAT(1GS,*AKNING--Tt1E TOP OF THE PROF!LF CAN NUT BE CUT OFF*'
S THiE TOP OF THE PR.OFILE MAY BE TO LOW.' I

Pk!NT 6lC9BhR
610O FrRMAT('C',' TEMPO-i AT TOP ft1PEiI.3,5Xt#WAITS OMEGA-K AT #

S'TOP = I#IPE11,31
(dj TU 9%.C

C

C H~vkk 7IE VALUE OF AT THIS HEiIGHT IS GMELhTER THAN TEMPO-
56L IF(J *NE* NR A) GO TO 583

C IF- Tt-E tiEIGHT IS THE L3UTTLIM OF THE PRuFILE
PiKINT 603,8TEMPQB

6 13 FrRMAT4'01##TKEc TOP OF THE PkOFILE CAN NUT 13E bbT. tt/zXt
$'AT THE BOTTOM OF THE PROFILEt B r. ',LPEl393,', WHICHt

s'IS GOT[ATER THAN THE VALUE OF TEMPU-B( = 11Lj3~,f
;,'HECK THE INPUT VAL-UES OF --TEMFOB--AN(D--TGPEN--. f

5 X#1ALSO CHECK THE VALUES OF Tfit ELECTRON AND ION DENSITIES '
S'AT THE SC)TTOM O)F THE PkDFILE.',//

t 30Xt e***PROGRAN EXECUT-IUN S]UPS***§)

C
C

5(3 wr5OP 0
f-'TT0PzHl S(J)
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I TIIOTmtI SI J+I)
64 filz WT1A0W4HT8OT 1/2,,G

('A[t FN KU

M IUNS .ECe 0) d2z0J.0
It thIU14S .NE. 0) f32*

ip (PLAS0%*FN(2)*fNU(2) I/(UMEGA*(OMEGA**2.CNU(Z* k*MAATWi(2))
+ I III'ASN*LN (3) *CNU 13f/(CME;A* OEA **Z.C NU( 3*4eMA T 10t 3)

IIAHTTnp-HT90T .LT. a.lo) $0v To tob
111 U GT* fCuT e4NO. EN~L) *GTo TOPEN) GO 10O

HIST -Tf

565 .RTPs
HTTOPwxHT
OL TO 44

5t)L aRPIASCN*EN(.l)/CNU(t)
IF( IONS N~tF, 0) iR:=.R4

s PLMAT(C', AT THNU(E TOPtiETHE ( OF) E

J, PLASCN*EN(3)/(CNUteJ*MRATIO(a)JI oJti

IfI S Nhe~ 1) PNTO 90 ii9NlqN29N

WS JJ = HT ,N

IF( INS 0 0TJ) G Ob

b8ALCM.FN(JN,) - ALGEN(JJ,)
N<A~r7NI3 zJN"I(N1

b7~ CONTINUE A

- C HIS(N =F1O UTS 01TH OTO F H ROI
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II (N** ~ -A-JO), THAN THOJSE DM1IL ENSI TILS fI4!CH L.JMPUTE
f, TO 6 F'LFSS FHN "CUTOFF"1 ARE NEGLECTED

c I I TmiU Pf~ti It E tPTTO', 1. TO 51 CUTUP!- THE. "I CuTz
C I P ;0T 7F?' IC:T=OA

I ICI oLJ. 1) GO TI 70i
C

J=4k A-JKFV+i
H17-HT (J)
JAYrJ
IF(JAY sEU* NR t) JAY =N9~ A-1
CALL EN NU
(U2(PLASCN*FN(1)*CNUtI) )/((MEGA*(OMEGA**2t NU(L)**i)
IIONS *EQ. 0) B2=~0

IF(IONS .NIs 0) B2
t (f'1ASCN*EN(2)*CNU(2)/((.MEGA*( OME:GA**2+t NUI2) **ae*MRA TIO0(,t
* .(PLASCN\*IN(3)*CNUJ(3fl/(OMEGA*(OMEGA**2+C'4U(3J**2!)*MRATIO(3)I

11t (. GT. CUTOFF) I : TO 6:$00
8POT= E3

5,)) CC'NT INUF-
~I KIT 6030

j rc~pMAT( 101, THE PROFILE BUTTOM CAN NOT BE CUT OFF*%
1 ALL E-VALUES (AS A FUNCTION OF HEIGHT) ARE LESS ThAN CUTUPF.',/

THIS IMPLIES THAT THE PROFILE IS VERY CLOSE TO -REE SPACf.**//
5 3ox, f***Pfo(;RAN EXECUTION STCPS***')

STOP 21i

63JU IFIJ r\,Eo NR A) GO TO o301
PRI',iT 7Q49CUTOFFoHTS(Nk AltB

704 F0RIVAT('C',l THI BUTTOM OF- THE PRO)FILE CAN NOT SE CUT OFF',
*USING CUTOFF = '#Ei3o. t' AT HEIGHIT = ',Fl*3t/-
$ LCAUSE tHE VALUE OF- 6 AT THE BOTTOM OF THE PeKOFILE',

$09 vHERC- P = 'tIPEI393t't IS LARGER THAN CUTC.FF*'/)
IF(t-(~INT sE(Q. 01 GO TU 411L

41k? f41'-AT( I THE VALUES ARE b- LECTRONS 19'1PFII. 49 f3-IONS I

41L1 CoNTINUE
GO TO 702

C ?,c**INT[RPOLATlUjN***

63 )1 BTC.I)=,3

HTRu4I-)=TS(J)

IF( IONS .Nt-* 0) 132



If ( ~1til -HT1Bl. I *LT. -J. LU) SLU TO 3oo
11 .L.*(,. CUTOiFF) GG TO 3o5

HT9,1 1-
GoU Ill 4

HT T OP sti
GOt Ill 364

3ob CONhTINU

If ! I~NS .F(. 01 GO T~1 ooi
A2-n fN12)
A3= E N(3)
GL, To bti

A3 0.0
6obZ LUNTINUE

PRINT 7039HTCUTL)FF
7%13 FORMAT('O','THE BOTTOM PROFILE HEIGHT IS IFO3

P' AT B(CLTt2Ff*1= *U.i
E IF(BPRINT .EQ*J 0) GO TO 4L13

PRkINT 4I14#AiA29A39-51,f3293
j 411* FuP.IMAT( I

I THL ELECTROIIPL SITIVE ION AND NEGATIVE IN DENSITIES',
4 *'ARE EQUAL TO 09/ I XLPE1O.3,3AIPEL().3,3XLPEIU.3t//

*IX9*5-ELECIRJNS 191PLI194#1 ri-IONS =',IPEiL.'tt' B-TOTAL aI
*1.PE11.4/)

4113 CONTINUE
NR~ A = J+1:1 HTSINR A) HT
ALOGENWt A91) ArH(
IHIONS E(4;. OJ GU T3 t47

ALOGEN(NR A92) *=ALOG(FN(2))

ALOGEN(NP A 3) ALOG(E:N(31)

C
PRON 9~ P13 N

913 ~ FRA-JE1.
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t

JAYvJ
IF~i XC. NP A) JAY NR A-i
CAI.L EN KU
w 1- P L AS C K*ENI ) IC NU ( I
IF(IUNS *NF. 0) WR=WR+

i PLASCN*FN(2)/(CNU(2)*MRATI0(2))
+ iPLASCN*F%(3)/ (CNU(3 J*MvAT 10t3 1

IF(vR .(;1. uJMEGAK) Gfl IC 7ol

7190 C ONT INU F
rHFiP=HTS(li)
PRINT 3c08,HOPWR

3606 FC~li4ATf'C',5X,'6ARNING THt TOP Or THE PROFILE IS TO LOW'#
*1 FOR OtAEGA-R TC BE EQUAL TO ge.55. 9/5XiTHF VALUE OF',
*TOP-HEIGHT IS THERFFORE TAe(FN AS THF HEIGHT AT THiE TOP OF

* TH PRCFLE',//1CX0TJP HF1GI4T 19'F7.2)

^yt T'l 9CCO

7ol, IF(J oNF. NtK A) (GO Tb 7*3
HCFWR*H7StNR A)
PIkINT 36039HOFWfP

3603s FORMAT( $C',5Xt 'THE VALUE OF THE COMPUTED -- DMEUA-k~--- AT THE '

S "BOTTOM OF THE ')ROFILE --HOFWR = lilo,' -- It/5Xi,*IS If
*OGRFATFR THAN THE INPUT LI-41T OF -- OMEGA-R,--i)
GL TO 90C0

C

C ***INIFKP!ILAT1ON***

HTTOP=HTS(J)
HIP-07 =HIS( J+!

2_ CALL EN NU
WPPL ASC N*EN( 1) /ClU (I1

IF(.IuNS .NF. 0) wR=WR4
$PLA SCN\*EN(2)/ (CNU(2)*MRATIOI a))
$ PLA SCN*EN(3)/ (CNU(3P'MiRATIO(3)
IF(HTTflP-HTBOT *LT. 0.10) GU tO 76b
IF(WR .GTo OM4EGAR) GO TO 1*5

HIOO =HT2
GO TO 7o4.

765 8TOP~b
HTTOP =HT
GU TO' 764 - I

76o HOPwf=HT
PFII 3b00,H0FWP

3630 FIRMT(lC',5X,'OMEGA-R EwUALS-2.5E05 AT TOP HEIGriT ',F792)
9)00 C-1N T I NU E

qFTURN
C
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9JL I(AR4AT (20A4)
~~~2( I'fT P'OA4)
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SUBROUTINF FINAl
~C FOR ms
c
C 1-1.TINd FCR r(.tu(,vIl%,G THP L16ff%-ANGLE4s AS THE F FUNCII:J)N IS C1:AN&ED

CFKGjM THAT USINGI LAGRANGE INTERPDILATIUN TO THAT USING S j
c LXACT FULL-WA E b-OLuTION VALUES OF RE.FLLCTION

CFI)UIENTS.

W11MUN/KXACT r/ KFXACT
CUMC/THE1A CITHETA
C(Ot~MfCN/ SEP C.'M/SEP

COMMUNl~'ITCL CJM/TOL
CiJMMGN/EIG, COM/EIGENtJ)ik k

COMMON/ ICERV C/ I-)ER IV
F)1MEI SICK FRACTS(32)
CCMPI EX

THETA,

$$ SAVE Tt

DATA MAX NR/6/

C

IF (MPPINT *NEs 0) PRINT 900
) KJRMAT (#1',*ITERATIONS FOR EXACT SCLUTIONO)

IDERIV = I

DO 19 JE=1,NK E

13 FRACiSti) 0*O
FPACTS(2) =1.0
Nk STPS - 2
NS = 2
IF (NMPRINT *N~E 01 PRINT 901#JE

THETA FIGEN(JE)

ISAVE T = THETA

FE~ FRCT aFRACTS(NS)
FI FRCT 1.0-FE FRCT

12 IF (MPRINT sNE. J) PRINT 902,THETA
90/ F LiA,4 A T 4'P',OWTHETA ,'2F9,4)

KFXACThI
CALL F tVFI (THETAtF-,OFOT)
IF 4MiPPINT .NE, 0) PRINT L04,FDFDT

10i. ILMA T 4' I ltOAEXACT F ='#2Eli.3,3Aq2Ell.3J
IF (NS *EQ. NR SIPS) GO TO 14

c
I~ vKXACT=O

CALL F CPFC.T THETA#Fl ul IUT)
If- (i4PfRlT .NE. 0) PRINT IWFIUf-IDT

105 FORMAT (I 0,bOXOAPPRX F ',j2ElI.,33X#2Ell,3)
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F i FPCT*FI.FE FRCT*P
DIT 'fi IPRCT*OFIOT*PL FMCT*DFOT

IF- t?4PRIK1 *NE. 03) PRINT 1%)bgFtDFOTI
106 i-''WM'4T It ltoOX91CUMAN F s',2L~L.3t3XZ'EII.3)

14 DEiE-F/DFDT
ThETA THETA+DELT
NCUJT = NCOUNT+l
11 (CAOS(0ELT) *GT. SEP 9A,%o. NCOUNT .GE. 21 GO TO 20,

U ~~0 (ASDT .LTe J*3*TOL) GO TO 16

I INS .NF, NR STPS .AND* CASIDELT) #LT* SEP) GO TO Lb
G~ GTO 12

1~0 U (MPRINT .NF, 0) PRINT 906
906 FRMAT I('O',RESET')I

IF (NR STPS .GE. M4AX NR) W~. TO 17
THE TA a SAVE T
DU2 NREV=NSNR STPS I

N 2 NQ STPS-NREV+NS
2Z FRACIS('j*1) =FFACTS(N)

FRACTSLNS) rt(FRACTS(NS-1)+FRACTS(NS+4I)/Z90
NR ST Pc. NR STPS.1

GO TV1 I1 0)II 0

16 IF IMPRINT No0 RN 0
901 FORMAT (104)

NS = NS-, ±
IF~ INS .LE. NPR STPS) GO TO 11.

~ 4EIGEN4(JE) THETA
IF IMPRINT NE. -3) PRINT 902,THETA

LG GTO 19
11 PRINT 109PIHETA

109 FORMAT ('O','INVALIC MODE AT6,21:9.4, 'TRY SMALLER RECTANGLE AROUND

$THIS AIkEA W'ITH APPROPRIATE RANGER AND RANGEI VALUES AND *
$ RE-EXECUTE')

IFNR E EQ* 0) GO TO 33
00 IS JJ=JENR E

18 EIGEN'(JJ) EIGEN(JJ+IJ
GO TO 10 

,e

19 CONTI NUE
C

11-(NR F.LE* 1) GOTO33
!STOP =0 K
NkEM1 KR E-1
Of! 32 J 1, NRrkM~
JPL J41
DrC 3 JJ=JPI,NR E
IF (CABS(EIGEN(J)-ETGEN(JJ)) o..e TOL) GO TO i4

PRINT 9 0 g tJ 9J JJA
905 FORMAT I'3','EYGENS NR',L,,LXtOANO,1I3,LX,'APE TO L3E RESOLVED',/

$ ~TRY SMALLER RE^Z7ANGLE AROUND

$THIS AREA WITH APPROPRIAIE RANGER AND RANGE VALUES AND RE-kXECUTE
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:1 PRINT 3J2FlIGFN(J)tEIGEN(JJ)
30 FVKMAT (#altEIGEN A4GLES AI9Fot~lN09F,#X# TO OE A

MrSCLVF~l)I ISTOP zI
32 CONTINUF

IF (!S1.'jP *Nf. 0) STOP
33 RETUKIN

990 - FOR MA T' 0 ,PROL E MS I N SUB ROUTININAL

I
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SUBROUTINE NE UUT J

C ROUTINE PROVICING FOR PUNCHED OUTPUT Of EIGEN ANGLES

COMMON/FRQ COM/FREQ

$ stso
DATA PI/3o14i593/
DATA RTD/57*29578/
DATA VEL LT/Z.99?928ES/
DATA Re/6369*427/

C

WAVE NR -2*J*PI*FREQ*LUUO.O/VEL LT
ACOFF = -6*6859*aWAVE NR*1000.0
CAP K a 1.0/11.0-H/RE)

PUNCH 971,HTS(NR A)
971 FORMAT (LX90D a *F7.Z,')l

'PRINT 972PHTSINR A) I
972 FORMAT ('O#XOlD

PUNCH 975
975 FORMAT (LXP'EIGEN ='

PRINT 976
976 FORMAT 0' *,LX#IEIGEN z *,OXATTEN VUVERC)J

DO 77 JE=1,NR E
THETA = EIGEN(JE)
PUNCH 97liTHETA

977 FORMAT (1X921FS.390'))
S lOSIN(THETA/RTD)
SO S *CAP K
ATTEN =ACOEF*AII4AG(SO)

VuVERC 1.0/REAL(SO)
PRINT 9789THETAtATTEN,VOVERC

77 CONTINUE
976 FORMAT (* ltiXt2(F8*3,,t'),FI.39F9.5)

THETA a0.0
PUNCH 977,THETA
PRINT 9789THETA
RET UR.N

END1



SUtGRuUTINS NP OUT
C FOkMS
C RCUTINL. F-CF CUMPUTYING~ AND FiiINTING TABLE ANC PIU%CtmD CARD OUTPUT

C tSSC"ICIATED vol~h NPIUNCH OPTION. FURThER )ESCA IPTI0N
C LF OUTPUT IS 61VEN IN A DNA REPORT.'
C

(COMMN/ IC C0GM/1CENT(2O)
CUMMONPAPRtIT/4PfINT
COMMOWNPNCfH C/NPU'JCN
COMMON/CFn PrT/CAKOPT
COMMCN/CRD PNC/CARDPN
C OMMU N/ PhC CUM/ RHOswA IT PHM
C JMMD N/t f) COM/ALIM#COOjIPMAGFLD
COMMCN/GO CCM/ EP SR#S IGMA
CCMMON/FPQ CUMt/ fRELI
C0l4MONIH CCM/H
CO3MMN/ WWAVE NR
rOMMOfN/H'F/HOFWR
LUMM(N/TtiE74 C/THETA
COMMON/FdG C0M/EIGEN(lu~lvNR E
CuPMMCNI/lt\TER/XltX2).,Xl2,X2
COMMQN/V'R CCM/NLMll#NUM2ZENJ1,DkNZ2
( 'MMUN/F LF2 C/Fl, F2 ,HGtFlsTFILRF2ZTF2ZR ,GFUZT
COMPLEX

$ THETA#EIGFN#

$NUM11,NU 4 22UENl#0,EhZ2 2L FS, Fi#F2 ,HG#FlZTtFLZR,$2LTF2RGIT
$~ C,

) P3ARll#R8AR~deDlLt0Z2#
I THETAPTERMI ,TERfM ,TERM3,TERM4,

$ Ralj1p itR822pjf
$ FMOFMDT,
$ LFDT9 FACTOR 9
$ StCPtCASIN,

61 ~ lQ2 #;3 9F)VRV, FOVRO #
$ XVzxELX8Zq

RfAL MAGFLD
INTE~GER CARDPTtCAROPN
!nATA RE/6369.427/
CATA 4T()/57.2957ti/i~4 )ATA ALN TEN,'2o332585/
DATA P1/3*141593/
D~ATA RTD/57,2957d/

C
C
c PP.1NT/PUNCH '10 114FORMAT ION

IF(YIPRINT .NE. 0) PRINT 'I~ltIDENT
901 FOqM4T('C l,?!A4)

IF(CAROPIN oGTs U) PUNCH 902#IDENT4
902 FCRMAT(20A4)
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C4

C, 'PUNCH1 RHO CARC, PRINT H VALUL ANU TMML hEAIINGSs
If (tPPINT .Nfo 0) PRINT 911,KHOPREQA~lMCJOlPMA(,LDSIOI4AEPSR

971 FPMA1 'o0*'p' F1.3,' P' Fb*'.,' A' ,F8.3,' C' oo M' IPtF1O.3p

IF(CARD.PNi *GT. 0)
SPUNCH 9?ZPHOFPEQAZIMCODtPMA.PFLSISt4EPSRk

1 So#EiO.398 E'#%)PF!.)*I
POI1NT 974th

974 ItJRMAT (00', AtH x",Po.Z)

9b5 rORMAT 0' *,1X,'MOOE*,*X,'THETA*,8A,'ATTEN',3X,'VUVERC',3X,
$WAIT MAG',ZX,'WAIT ANG*98X,'THETAP',i3Xt'PQLl)

II(NPUNC~H *EQ. 2 *AND* LAROPN .EQ, 11 PUNCH 93v#FREQ
939 FUPMATfF-8.3)

C

t'O 7Cj JEaltNR E

Ta$ETI F IGEN(JE)
C
C FORMATION OF THE USUAL KEf-LFCTION MATRIX, R, FROM (Rti.O)/C AND
C &tU.RMATION JF THE USUAL RBAR MATRIX VALUES FROM
C FURM USED TO FINO EKOEN ANGLES* ALSC, CUMPW'ATION OF
C DEuiIVATIVES f'LUR USE IN COMPUTING DFOTHETAS

CALL F OFU)T (THETAPMDFMDT)
c =.COS(THETA/RTD)

pRIZ C*X11-*

iR22 = c*xd2-I.0I
011 a C*NUMZ-DENLI

Rt3ARi. DEN11/011
fR8AR22 D EN22/022
IB11PI C*NUMll/Dll
RBOZ2PL C*NUM24!/22

C
OFnT aUFMDT*C**2/(O11*D21)*RTD
S = .^SINITHETA/RTO)
FACTOR = CSQRTLS)/OPOT

C
I TERM aj
IFjCA8S(1.0-RLL*RBARiI) sGE. CA8S(I.O-RUi*RJAR4Z) kITERMw2

C LF-LF EXCITATION TERMS (E.G. THE "TOO TERMS TO BE USED FOR
C '.-P1NCH=1 OR NPUNCH =9 )s

TEOM1 = RILPl**2*(1.O..PBAR22*R22)*FACTUR/(RBARII*FL*FI)
TEAZ =RBaZPI**Z*( 1.0-RBARII*Rll)*ACTO/(RBAKZ4'*F2*F2)

TERM3 =R8LIP1*R'322PI*FACTOR*R4I/(FI*F2I
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TEAM4 FL2/R21

.1 c
C -t.F tXCIT&TION TIr-JMS E. THE TERMS TO BE USEL) FUR NPUNCH 7)

X~ta-TFRP1*S*Gr-1ZT*F)ZK
XbL=-TEpm3*TFPM4*S*FZT*Fl4Q

IN TRmS I1F MAGNITUDE AND PHASE TkIESE TERMS ARI GIVEN by

XvLM=C AS(XVL)
XV A=CAN'iX VL I

XELM- CAEIS(XEL)
XtZAxCANG( XEZ)
xj3lm=CAIS(X6Z)
XI8ZAsCANG( X8L)

C
C s IGEN AN~GLE REFERRED TO Gk(",UNO LEVEL*

TH-ETAP - 9o.j-cASIN(CP)*kT0

C ATTENU411oii AND! PHASE VFLLICITY iEFERPEO TO GROUND LEVELs

Sp S/I I.C-H/RE)
ATTEN ACGEF*AIMAfv(SP)
VUjVFFC s .O/REAL(SP)

C 'AtTIS EXCITATION.
STURF1 R bllPL**Z(1s0PBA22*R,42)
I *F-ACTOR/R8,0PAI

ECUArP = IG**2*STOREl*S**4*
ExLO3 CLCG(ECOM4P*0*5*iAVE Nk*WAIT Req)
Wm = 20,C*REAL(EXLOG)/ALkN TEN

hA = A14AG(EXLUG)-P1/2.O
IF (WA .LTo -P1/2.0) WA = WA+2*O*Pl

C
. mroDE CoNvERSICJN TEFRmS TO BL. USED FOR NPUNCH=8 AND NPLJNCH29o

XP- CABS(ECOMP)
XA= CANC(-COMP)

Q2- 1.. O-22*R8AR22

!F( CASS(QUl .GE- CABS(Q2) ) OVAD=Q3*Q1/(RIZ*K8Ai(
22

II ( CAfiS(021 -GE. CABS(QIJ )FOVRO Q3*tA~l*R8ARll)/02

FUVRQ=( FEVRD*VL)/F2
C
C L'OLARIZATIEN,

Ul = CABS (R41 *RBAR221
02 = CA5S(1*O-R8ARll*Rll
IF (PR1 *CE. 02) POL CABS(1*O RdAR22*R2Z)/Dl

4If (02 GCE. 01) POL LAisS(ki*R6A~r11)/DZ

C PRINT VALUE~S FOR TAD3LE.

Mot NMCtE+i

* ~A~'iPk[NT 9. 2VMODEtHEtAATTENvovERCWW~AT'ETAP9 POL
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932 FOR41kT C' *,4,2F8.3,Fb.3,F9.!),P1O.3tF9.3t3Xt2Fd.3tF1Z5)
C.4

C NPUN04t~ P'TICN FOP OBTAINING UUTPUT CARDS

C
c CPUNCHvl*** GIVES OUTPUT CARDS FOR HORIZONTALY tiOPOGENOUS
C 140DE-SUM OR WKS-SUM IN TERMS Of (IS)

C NPUN01-2**A GIVES OUTPUT CAeKDS IN TERMS OF SNVLF OUTPUT
CNPUN(C9=7*** GIVES OUTPUT CARDS FOR INPUT INTO kLF-b.K8 MODE-SUMS

C NPUNCh=6*** GIVES OUTPUT CARDS FOR INPUT TO MODE :ONVERSION
C IN TERMS OF (FOVR)
C NPUNCl-9*** GIVES OeTP4JT CARDS FOR INPUT INTO MtJOE CONVERSIONt
C IN TFRNS OF BOTH WTS) AINO (FOVR)
c '

C CARD PN=O*** GIVES USUAL MODEi SUM4MARY PRthT OUT BUT-NO CARDS
C CARD PN-I*** GIVES USUAL MODE SUMMARY PRINT AND CARDS
C CAPD FT=O*** CAUSES THE OUTPUT CARDS TO NOT BE LISTED
C CARD PTsIl*** CAUSES THE OUTPUT CARDS TO BE LISTED
c
C PUNCH "INPUNCH 10' OPTION CARDS ---- OMPRINTI USED ONLY FUR DEBUGG.ING
C

IF (MPRINT .NF, 0) PRINT 9339THETAPTERM1,TERM29
s THETAP#TERM3,TERM4

933 F&RMAT (l'''i'0P2F9.!)tlXtP4E15o6/' ','Z',0P!F9.si,1X,1P4EJ5ob)
IF(MPRINT 9NE. 0) PRINT 9~30

930 PORR~A T(9
C

* IF(NPUNCh .EQ* I .AND* (,ARUPT E~Q9 I ) PR(INT 930
IFINPUNCIS oE(J I ANn. LAROPT *EQ* I )
*PRINT 931,THETAPITERMTERMITERM2,THETAPITERMTERM3,TERN44

931L FORMAT (I l'l'1'OPZF9e 911,IP4E15s8/1 ','Z',OPkF'h,,I1.,IP4E15*6/)
IF(NPUNC- *EQ* I *AND* CAROPN .EQa I J
*PU4H934,THETAPITERMTERMITERM2tTHETAPtITERMTERM3,TERM4

934 FOR14AT ('i',OP2F9.!),II,1P4F15.,/,'2',0R2F9.5.Ii,1P4EL5.8)I
IfINPUNCH .EQ. 1) GO TO oOO
IFWfPUNCh .eQ. 2 *AN4D* CAROPT *EQ* 1 1I-

*PRINT 9379ATTENVOVERCiWMWA
931 PO RMA T 0O'4F 10o,5)

IFINPUNCH .EQo 2 *AND. LD RDPN *EQo I)
*PUNCHI 938,ATTENVOVERCtWM#WA

938 FORMATC4FIO5)
IFINPUNCH *EQ. 2) GO TO 800
IF4NPUNCI .EQ# 7 *ANDa CARDPT *EQ* 1 J PRINT 93-0
IFINPUNCH sEQ. 7 oANO* CARDPT *EQ* ,1
*PRINT 626,TtETAPXVZMXVZAXELMXEZAXBLMXBZA

62LP FORMATI 2(F1O.5.',*),/5X,3(IPEI3.4,'.',OPP8.3,',')/)
* IFCNPUNCH *EQ, 7 *AND. CARDPN *EQ* I )

*PUNCH 627,THETAPXVZMXVLAXEZMXElAXBiMXBLA
821 FORMAT(5)C,2(F13.5,' ,'),/5X,3(IPtE13.4,',',OPFS8.3,',') [

IF(NPUNCH *EQ* 7) GO TU 600
IF(NPUNCH *EQ, 8 .AND. CAROPT *EQ* I J PRINT 930
IF(NPUNCH .EQ* 8 *AND@ CAROPT *EQ9~ 1 )

*PRINT 93S, THETAPXMiXAFOVROtHOFWR



9-15 FuR?4AT( OP09tLE4!vP . tIPE680F&/
II(NPUNCH sE~e 8 .AND. CAIROPN .EQ* I)

*PLJNCr 93t, IHVTt'PqXMXAqFtJVKROHOFWgR
93v. PFiAT(UP2&9.5,II 450PF9!),P2 16.8,QPF7d2)

!f-INPUNCH .EQ* 8) GO) TO c~j
IrFtNFUNCI- *E!.* v .A4U* CAiRDPT *Ei&J L, ) PRINT 930
t(Nf'UNCI- *EQ 9 *ANG* CAROPT SQ. I )

!FeIPUNCI- .EQ. 9 .AND, CARI$T .E~e I
*PRINT 935 TMETAPAX4,xAtFUVi)4UFWAi
irt.4PUN~h .EW. 9 *AND* (.ARt)PN EQ, I I

PUNJCH 'Y4TEA*Tq4TR~TRM9HTP1E~TR~tkt
*IF(NPUNCH .EQ* 9 *AN40. CAROPN sEQo I)

*PUN.CH 936, THETAPtXMtXAtFOVK0vHOFW9
*600 CUNTINUE

79 CONTI NUE
C

I F(CA 111 PN eGTo ji) PUNCH 700 Af
l.0 FH.; A/T (11 1)

FETUkN
C

4i4

lZ
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FUNTIPICASINUS)
C 'ROVTINE FOP C014PUTING THE CDAPLEX SINE FUNCTION OF A CML

ARGUMEN~T*
C F($ AS

c COjmPLEX CA SIN tS,,SSQ ,SpoWERSUMT!ER?4PARTS CtCPLX
OATA CPLX 1/10*0#1.O)/
DInENSION PART(2)

* ~ EQUIVAL.ENCE (PART(1),PAR&IS)

IF (CASS *GT. 0.171 GO TO 20
FACTOR a 1.0
SpowrR aS

IF (CABS(SUM) *LT* I*OE-7) GO TO 12
O 11 Kv39,2
FACTOR aFACT0R*(K-2.0)/(K-1.0)
SP WE R =SPOWER*SSQ
TEAM4 F ACTOR&*SPOWER/K
SUM aSUM4TERM
PARTS z TERM/SUM
IF (ABS(PAFT(1+A8S(PART(2)) .LT, I.OE-1O) GO T0 12

11 CONTINUE
12 CASIN - SUM

RETURN4

20 C cSQRT(I*0-S**2)
CASIN -CPLX I*CI.OG(CtCPLX 1*S)
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UNCT JC-N CAN;(AkG)
IMPLICIT PEAL IA-H#O-Z)
COMPI EX ARGt MI NUSI/1O. t-I
A rkls= AR G
At-G=MINLS I*Ar~t *

C.AING=,TAN2(ARGI AR-3R)
THA GI *Lte 0. CANLU CANG+6.4831b5

f4

0

.15
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SUBROUTINE INTEG
C FOR MS
C THIS SIllsROUTINE PERFORMS AN INTEGRATION OF THF DIFFERENTIAL
C LQUATIliNS FOK THE IONOSPHERL REFLECTION 4ATRIX
C USING RUNGE-KUTTA INTEGRATION*FORMULAS. THE
c INTEGRATION VARIABLES ARE THE ELEMENTS OF THE MATRIX
C R ,,OE)/C WHERE R IS THE REFLECTION MATRIX DESCRIBED
C 3Y R,)CDEN, IF IDERIV IS SET NON-ZER09 THE DERIVATIVES
C OF (R+LoO)/C ELEMENTS wRT C-COS(THETA) ARE ALSO
C INTEGRATION VAkIAbLES° THL SET OF HEIGHTS AT hHICH
C PAIRS OF INTEGRATION STEPS BEGIN AND ENU IS STORED
C IN THE ARRAY IRKHTS'. SIZES OF THE STEPS ARE
C DETERMINED BY COMPARING THE VALUES OF THE ELEMENTS
c OF (R+I.O)/C AFTER A PAIR OF STEPS AND VALUES OF THE
C SAME VARIABLES AFTER A SINGLE DOUBLE-SIZE CUMPARISUNC STFP. THE (R41.O1/C VARIABLES USED IN THE COMPARISON

C STEP ARE DENUi1LD AS *Xl*. IF THE DIFFERENwCE IS TUO
C LARGEr THF STEP SIZE PAIRS ARE CUT IN HALF BY AIfDING
C A NEw HT T3 ThE LIST IN fRKHTS'. IN ODUER TO
C ENHANCE STABILITY IN OTHER PARTS OF THE PRUGRAMP NO
C HEIGHTS ARE DELETED FRUM THE LIST UNLESS THE LIST IS
C RESET BY A CALL TO #SET RKI°
C

COMMON/NR OF AS/NR A
COMMON /RTOL C/RTOL
CUMMON/HIS COM/HTS(1O1)
Cr MMCN/PRNT/XPRI NT

ECOMMON/,I1NTEGR/R (ib) tl)Rht ll)
COMMON/)( INIGR/X(S) ,DXDH(d)I COMMON/EN COLL/HT
COMMUN/WN/IAVE NR
COMMON/IDERV C/IDERIV
COMMUN/N, CCM/N
COMMOIN/LVRFLO/I OVFLO

ECCMMON/JAY COM/JAY
DIMENSICK

$ RIO6)HDELRO(16DDELRI!16),DELRZ(lb)t
=.._ $ XO( l HDELXO(8) DELXLI8 t DEL X2( 81

$ P SAVE(16),
i $ RKHTS(201)

INTFGEF. )XPRINT
DATA MAX NR/201/
DATA OHMIN/O 0['/

C

N = 6

It- (IDEFIV .NE* 0) N = 16
IOVFLO = 0
IFIXPRINT .NE. 0) CALL R COLS
THIRD = 1,0/3.0

CALL INII S
JAY 1

3 JRK = I
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CALL S NOTPX
CALL INITI R

r

CALL XFFA (R#X#81
IF IXPRI N' *NF* 01 PRINT vi~d

J FrRNIA I (O )
I f ( K I NT .iJE, U) CALL PA~INT K

NFRAZ4 * K A-1
O 79 JzlNRAMI

JAY J
30 CALL XFCP(R1 R SAVEN)

HT = RKHI1S(JRK)
C'ALL XFIP tRttf8)

31 DFIH = (FKNTS(JRK+1)-RKHTS(JRKJ*O.5
IF (ABS(CFLH) .LT* DHMIN) GO TO 90
OH 0ELl-*WAVF NR/2*O
Hr'H = .5*Vl'i

Ul= 2.C*DH

C rIEGIN FIRST PUNGE-KUTTA STEP OF THE PAIR-AND THE COMPARISON STEPS
CALL R DERIV
IF (IQVFLC *NE* 3) GO TO uO

C
DO 3k 1=19N
P0(I) p(1)
HDE Lffl 0 OROtl(T)*iH

32 P11) = ik(fltHDELROUl)

DO 3311,
XU(I) = X~f)
HL'ELX(I) =HDELP()*Z.0

33 Xtl) = XClI)+HOLLX()l
C

FT1 = LIT+PL*f*ELH

CALL S MTKX
CALL R CEPIV
IF(IOCVFL$- .NF* 0) GO TO uJ

00 34t 1=19N
VELRL(1 I URDH(I )*)H

3C P~ RO(I),0.5*DELR1(I)

CALL R OERIV
If( IUVFLC *NF* 01 GO TO 60

ii DO 35 11,tN
DELIR2(1) = OROIH(1)*DH

CALL S MTRX
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CALL R DERIV
CALL. X DFRIV
IF:(IC.VFLC *NE. 01 GO TO 60

Do 30 Is=e0N

HPEL3 =DROH (I )*HOH
DELR4 (HDELPO(I)+DFLRL(I)*OELRZ(I)+HDELP3)*THIRD

36 M C(I+DLR

C
CAL BEI SEOCkNE-UT TElFTHV4

CALL X CERIV
1Ff ICVFLC N*N~ 0) GO TO 60

r

Roil) = Pt!
HOELFOCI= DRDH(I *HDH

42 R(1 = POM1)HDELROMI

DEIX2lI - DRDHtI)*TOH
44 RU) = x()DL21

CALL R DERIV
'11(IUMPC *NE. 0) GO TO 60

C
a oo ag44 1=19N

HtEL1(1 = DOHM*H4

44 RUl) - RC(l?+*DELR1(Ic
CALR EI



DO 4.7 T1,t8
HwELX.3 OX)NI)*QH
VMELX4 =(4DLLA(1)+rELXk(i)+ELX2(1)HEL\3)*TI.~U

47 Xl) XO(I)+DELX4 A
N51 i

C -STIMATI IPUNCATIUN ERkOR ANO CUT STEP SILF IF APPRI3P.IATF-o
IF(XPRINT .NEs 04 CALL PRINvT R
00 51 II,7,2
ERP-SI.=(()-()*2tPIi-Xl1J
RSO R(I)**2+R(14.i)*i
IF- (PSl .G7. 1.0) ERPSW = FRRSQ/RSQ

TO 70RS c;.9 R::L*::) GU TO 61 i
51 CPRTNTUE

60 If (XPRINT .NEe 0) CALLT PR60

IF (Nk RK .GEo MAX NR) GO TO 95
IOVFLO =0
CALL XFEfl!R SAVE#RN)
CALL XFER (R SAVEX98)
HT = RKHTSCJRK)
CALL S MTRX

C,
Nf.RKml = NK RK-1
DO 62 JCCUNT=JRK#NRRKMl
JJ = NRPKMI-JCOUNT+JRK

62 RKHTS(JJ+2) = RKHTSCJj+l)
RKHTS(JRK+1) - RKHTS(JRKJ+RKHfS(JRK+21)*0.5
NR RK = NR RK+I
GO TO 31

I70 JPIK = J4~
IF (ABS(RKHTS(JRKJ-HTS{J+I)) .GT. 0.001) GO TO 30 '

79 CONTINUE
4 RETURN

C

C RESET THE INTEGRATION STEP PAIRS TO BE THE INPUT PROFILE SEGMENTS.
ENTRY SET RK
DO 81 J=1,NR A

61d RKHTS(J) =HTSIJi
NRK =NKR A

4, 90 PRINT 990

990 FORMAT 40','bTEP TOO SMALL IN INTEGI)

)5 PRINT 995
9 9! FCI&IA T ('O'OTOO MANY STEPS IN INTEG#)
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STOP

ENDI
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SUBROUTINE EN NU
CF)k MS

C COMPuTATION OF 4LECTRON DENSITY AtriDO QLLISION FREw.UENCY (AND ION
C ODtNS(Tl IF APPRUPRIATE) AS I. FUNCTION OF HEIGHT.

C IF PROFILE WAS INPUT FROM FORMATTED CARDS# LOGARITHMIC
CIN~TERP)LATION IS USED* SEE ALSO NOTLS Iti SUWROATINE

r PRFLIN,

CuMMCN/NR CF tS/NR A
COMMCN/ICN CQM/IUNS
COMMON/JAY COM/J
COMMON/HIS COM/HTS( 101)
CUMMON/HTLOGN/Nk NUjHTS NU(50),ALCNU(50,4)
CC4MCIALOGN C/ALOGEN(101,31
COMMON/EXPNU C/COEFNU(3)tEXPNU(3)
CUMMON/EN- COLL/hTtEN(3) ,CNU13)

DATA JNU/l/

FACTR = 1*0/(HTSJ)-HTS(J+1)

N5k SPEC a I
IF (IONS oNEs 0) NR SPEC 3
Fl =(HT-HTS(,J+1))*FACTR

F2=fHTS(J)-HT)*FACTR
DO 11 K=1,NR SPEC

11 EN(K) =EXP(ALCOGEN(JK)*Fl+ALt)GEN(J+1,K)*F2)
IE(C0EFKU() .LT. 3.0) GU TO 15
(XL L2 K=1,NR SPk:C

12 CNUMK z COEFNU(K)*EX'P(EXPNUIK)*HT)
R ET UR'tN

C
15 !F(JNU *GT. Ng~ Nd-i) JNUIl
lo IF (HT *LE* HiTS NU(JNUi oOR. JNU .EQ. 1) GO To Li

JNU JNU-I
GO TO it

17 IF (H7 *GE* HTS NU(JNU+l) sRo. JNU *EQ. NR NU-1) GJ T0 18
JNU = JNL+l
GO TO 17

16 DO) L9 K =1, NR SPEC
ALN = ALCNUJNUK)+(ALCNU(JNU+1,K)-ALCNU)(JNU,KJJ'
s *(HT-IITS NU(JNUl)/(HTS NU(JNU4-1)-HTS NU(JNU))

19 CNUIK) F XP(ALN)
RE TUR N

C
END
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SUBROUTI&E R OUT
CFOR MS

C OUTPUT (iF RPtGE-KUTTA INTEGRATION VARI1ABLES# USED ONLY FOR DEUGGING,
C

CUMMOVN?TEGR/R(8)
CUMM(IN/X INTGR/X('8)
COMMON/EN COLL/HTtEC OMIT421

c

ENTR'V R COLS
PRINT 900

RETUR N

ENTRY PRINT k~
PRINT 9019HT9(X(I)q1Itlt8)
PR INT 90191,4To(R (I191it 19 6)

901 FORMf.TV lti10*2t442XsFyw.5,F9.5))
PRIN7 902

902 FORMAT (40t.)
RETURN1~ END

Ic-I
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SUB~ROUTINE XFER (A#89N)
c FOR MS
CQRUTINE FOR~ TRANSFERRING ONE ARRAY INTO ANOTHER*

DIMENSION A( I1b 1)

0~f) 11 J=1,N
11 8~(j) tz j

END~
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SUI4ROUT I K INITI R
C FOR MS
C COJMPuTATIOh\ OF (9+1.0)/C FOR REFLECTION FROM A SHARPLf BOUNLGED
C ANIS07ROPIC 1IUNuSPHEIE OF SEP-1-INFINIIE :XTENT

* C %HR IS Tsk KEFLECTION COEFFICIENT MATRIX AS DEFINED
c BY 6JDU)ENe 4OLUTION IS USED AS INITIAL %;0NDITION
C FOR RUNGE-KUTTA INTEGRA.TlwNo THF SOLUTIJN IS BASED
C UN RADIO SCIENCE PAP'ER- VOL* it AUG. 1.9o8t i6,7920
C (LRIVATIVES iRT (=rcCi(THETA) ARF ALSO C04PUTEDL IF
C IOLRIv IS SET NUN-ZER09

CUMAt.N/TETA C/THETA(Z)
CO,4M0N/PRNT/XPRINT
CL;'MN/M M7X/M11,M2iM.,.jML2,i422,M32,Ml3,M23,m33

CPO4MON/c Ccm/C
COM~MON/S CCM/S
COMMUN/irrRv f'/IDERIV
Cc4pt EX
$ CCSQS 0

MILMZI ,43ltMiM22MlM3,M23,M33y
s R1I1 RR2,NZ'.eDR~IDCtDfk2iDCtDR12DCDR22OL,

s OB3DC,020C)tIDCDiIODC,

s P(2)DTt2)C(

INTEGER XPRINT

DATA EIPIO4/(U.71ifl7,v,.?O7L1)/ii C
C

C BOOKR wUAkTIC C06FFICIENTS ANU SFOROT.

84 = 1*OiM33
83=S*CP13+M31)
82=-(CSQ+3)*(I.04Mll)*Ml3*M31-11.+M33)*(CSQ+M22)+M23*M3Z
81=S*CtA1*M3M21*M32-(LSQ+Ma2)*(M13+M31))

B C ( 14,C+M L I*(C SQ+M22) *(CSJ+433) +MZ *M23*M +M13*M2 1*M32
$ -M13*4CSQeM2.TJ)*M31-1~(.O*Ml)*b23*M32-MI'd*-M21*(CSQ+M4331

CALL QUAPRTC(B4,B,,i6,SltB0tQTEMPI

C St-LICTIuN LI- TriiE ThL) ROOTS CORRESPOmN'ING TO UPWARD) TRAVELLIN G
C WAVES AS BEI14G THOSE OF ANGLE LESS THAN 45b BUT
C GRELATER THAN -132 DEGREES IN' THE COMPLEX PLANE.

K =0
DO 21 K71#
IF (PEALfEIP104*QTEMP(KTl) .LTo U.O) GO TO ZI



K 1(41
IF (K *GE* 3) GO TO 90
Q(K) z& C1EMPiKT)

i. I CNTINUE
IF (K .NE. 2) GU TO 90

c
IF(XPRINT *NE* 01 PRINT 90iTHETAt(QfJ)#Jzi,2)

901 F(IRMAT(C*,1 THETA r ,2Fba3,5XvlQ a l#?(E15.4tE13o4)v/)

C P.EHAINDER OF THE SOLUTION ANiU ITS DERIVATIVES*
DO 3L JzjZ
Dii 1.C+MI1-QtJ)**2

li x M12
013 =M13+Q(J)*S
031 aM314+Q(J)*S

*D32 =M322
033 =CSC+M33
DEN = D11*C33-!)13*D31
PUJ) (-Cl2*D3,*+D13*D34)/DEN

31 T(J) 6(J)*P(JI-S*(-DLL*)32tD1Z*D311/lEN
C

IF (IOERIV eEQ. 01 GO TO 60

Of63DC ESDC*tMI34M3L)
D12D: -2,U*C*(1.0.'A11410M.33)
OBIOC =(OC/S)*uIi-S*4qO*C*(Mi3+M3i)
OBODEZ 2.0*C*44i.0+4i1)*(CS+M2+CSQ+M33)-MI3*M3-ML2*MZ1)

00 41 K=L92
DQOC(K) -(((DB3DC*G(K)40820C)*Q(K)+SDCI*QK4.LBOOC)

0011I)C =-2.**(K)*OQDC(K)

00130C =Q(K)*DSDC
nD31DC =Q(K)*DSOC
OD330C = 2*0*C
DDENDC =Dl1*fD33DC+DIhDC*D33l-DL *DD31DC-D13Wt*D~i
DPDC(K) = -ODENC*P(K)/DLN+(-D12*0033DC+DUI)3DC*L)32)/DEN

r 41 DIOC(K) = O)*DPDC (K) +UQlOCtK)*P(K)
$ -(-DIt*D32+Di2*Dii)*(DSU4-S*0ENlC/DLN)/DEN
s -S*(-DD)I1DC*0324012*DD31DC)/DEN

50 DEN~ m (T(I)*C4P(1))*(C+Q(4))-(T(2)*C+P(2))*(C+Q(i)
r-_, FACTOR =2*0/DEN

R11 (Ttl)*IC4Q(2))-TtZ)*(C+Q(1)))*FACTOR
k22 = ((T(1)*C+P(1fl-(T(2)*C+P(2)l)*FACTOR
R12 a-(T(l)*P(2).T(2)*P(l))*FACTOR

IF (I DER IV *EQo 0) RETURN
DDEN[C =(T(L)*CtP(l))*11.0DQDC(2) )

$ ~+(T(1)tDTDC(I)*C+b)POCt1))*(CiQ0(2)i
$ -(T(2J*C+P(2)J*(.O+0(.9C(l))

-(TrZ)0rTC(4*c+DPC(2)*(C*Q(1J)
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DP11OC - Rll*ODEN0C/OEN
$ *(Tti)*(1.O+DQOC(2)).DTOC(l)*(CQ(21j
$ -T(Z)*(L.0+flQOC(l1))aDTOC(2)*(C+Q(1))l)*FA.TORjDR220C : -t2*CE0/t
$ +((T(lJ*OT0jC(I)*C+0PoCA1))

$ -TIZ)*DPDC(l)-CTOC(2)*P(1))*FACIOR
=~kl) -RZlDL)ENtiC/DtN

$ .UR -(0QDCMi-DQC(i))*FACTTh

Uh PRIMi 96C

9.30 FQRMAT(O',PROBLEM IN SORTING Q VALUES')
PR~INT 995,TtiLTtTEMP

995 FUiRMAT (O,19THETA l#4F*3.5X,'Q 49*4(lPE13*391PE1I.3))

C STOP

END
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SUBROUTINE QUARTC(B4#FOUP B3#SIX 82tFOUR P190NE 80,Q)A
c FOR~ ms
C SOLUTION FOR THE RCAITS OF A PUURTH-OROER POLYNOMIAL W~UARTIC 3

C EwUAT IUN) TAK(EN FROM BUfktSIDE AND PANTUN IiL404) THE

C tHt-0RI OF EQUATIONS* A SUMMARY OF PkKT1-ENT EQUATIONS
C IS GIVEN IN 9A0L) SLIENCE VOL. 3,1 AUG. LlobPP.79i-795.
C

CtUMPLFX FJLR P3,SIX AFOUR tO'NE BOQtP4t
S hIGti PRI?41.C ORIMEt
S SQ. ROCTP POSPtLCG Pt
$ Cut3 RTOCugR TICuI3 IT2,OMEGAiOMEGAt, V
S ROOT PR(!O1 QjoiULT R,
$ TWLV 83,TkLV t2,FtUFUQDEL QF84

COmpIEX*lb OBs,82,BIbOB. SO
REAL MAG PUStMAG NEG
DIMENSICK Q(4htP RIt2)
DATA OMEA1/(-5,.86u25.0j8)/,OMEGAZ(0.5vU.840254u36)l
EQUIVALENCLIPtP RIM(1

C

83 = FOUP 83/i(4.0*84)
B8? SIX' 02/(6.0*84)
Bl = FOUR 81/tit.0*34)

v B0 = ONE BG/84
C

83 SQ 3*
H B52-63 SQ
I L50-440*B3*B1+39G*B1 Z**2
G P. 1+.3*f-3,o*az+2,o*83 sQ)
HPRIME s-1/12.0

G PRIME -G**2/'4.0-H*(H**2+3.O*H PRIME)
CL

SO RO'OT = CSQRTfG PRIME**2+4.0*H PR[ME**3)
P =(-G PPIME+Su RfOr*0&5
MAG PUS =At3SIP RI(Il+AbS(P R112))

P =-POG FRIMF-SQ ROOT)*0*5

IF(MiAG PCS %GT9 M1A,; NE ?,) P P POS
LOG P = CL~r(ilIP)
CUB RTO CEXP(LOG P/3.01
CIJB R T1 OMEGAI*CUB RTO
CUB3 RT2 OM&GAZ*CU8 RTJ

Lk: C
ROOT P zCSQRT(CUe, RTO-H PRIME/CUB RTO-Hl
ROOT Q CSWRT(CUB fT1-H PRIME/CUB RTI-H)

ROOT R = CSQRT(CUB RT2-H PRIME/CUB RT2-H)

SIGN =-ROIOT P*ROOT Q*ROOT R*Z.0/G
IF(SIGN .LT, 0.0) ROOT R =-ROOT R

21 Q(1) = +ROO~T P+RnOT 4J+ROC-T R-B3
Q(2) = +RCUJT P-ROOT Q-iROG R-93

Q(3) = -PCOT P+ROOT Q-ROOT R-83

5kI
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SUBROUTINE QUARTC(84#FOU& 83#SIX BZ#FO)UR 81,ONE 80#Q)K
C FOR ms
r~ SOLUT ION FOR THE R(ci)TS OF A FUURTH-ORDER POLYNOMIAL tJUARTIC 1
C EwUATItJN) TAK(EN FROM tUktSIOE AND PAN~TUN (i'i24) THE

C IHtE0R OF EQUATIONS. A SUMMARY OF PEKTIIENT EQUATIUNS
CIS GIVE~N IN AIJ Sl.JENiCF VOL. 3t AUG. iloPP.79i-795 .

CtO1PLFX FiLK P3,SIX 92tFOOR l3itONE BO#QtP4,
I hJGH PpimbC, OIMEt
I SQ RQCTP P0SvPtLLG Pt
$ ~cut3 RTOPCUR RT19CU3 IRT2,MEGAkOMEGAt,-
S i~ROOT P~IRCOt QtR&UU)T R,
$TWLV B3tTiLV b2vF9OFL)QtDEL QPFB4 1

CUMPtEX*ib B.i,82961,0,B. SO
REAL MAG PCS#MAG NEG
DIMENSICK Q(419P RItZ)
DATA OMEG;Al/(-0.5#0986u02O4.$)/OMEGA2/(.!iO.8bO25'$J38)/
EQUIVALEtCL(PtP iRI(I)

6 FOUR 53/(4*0*84)
82 SIX 82/(6.0*04)
81 a FOUR 81/t4.0*84)
Bv" ONE BG/84

83 SQ =P3*
H B2-6~3 SO
I E3O-4.0*3*1+3.0*BZ**2
G P PL+S3*(-3.o*i3242.0*83 SQJ
H PRIME = -1/12.0
G PRIME =***/4.o-H*(H**2+3*0*H PRIME)

SO RO.OT = CSQPT( ; PRIME**2+4.O*H PRIME**3)
P =(-G PPIME+Su RflOr)*0,2)
HAG PUS =At3S(P RItl))+AbS(P A112))

PO=(- PRIME-SQ RCOT)*0o.

MAG NFG = ABS(P Rl(l))+AbS(P fKI(2))
IF(MAi'7 PCS G~T. AA NECJ) P P P05
LOG P =CLO(tP)
CUB RTO = CEXP(LOG P/3o0)

EY CUB RhI = MEGAI*CU6 RIO
CUB RT2 zOMEGA2*CiJB RTJ)

MC
ROOT P = CSQRT(CUk', RIO-H PRIME/CUB RTO-H)
ROOT Q =CSWRT(CUB RTI-H PRIME/CUB RT1-H)
ROOT R = CSQRT(CU8 RT2-H PRIME/CUB RT2-H)
lF(CABS(G) *LT. 1,0E-501 GO TO 21
SIGN = -ROOT P*ROOT Q*ROGT R*2.O/GI IF(SIGN oLT. 0.0) ROOT R =-ROOT k

21 Q(l) = +ROOlT PtPOOT Q+ROCT R-83
Q(2) =+RCUT P-ROOT Q-KOrT R-B3
Q13) =-RCOT P+fdiOT Q-ROOT R-B



SUB3ROUTINE T 1FTRX
C FOR MS
C COMPUjTAT ION (IF h MATRIX ELEMENTS AS DEFINED BY BUDDEN IN PROC.
c ROY, SOC. (LUNI3UN), AZZ79 PP.51t-537 THOSE
c (CjMSINATIUNS DI- M AATRIX ELEMENTS USEV IA4 THE
C T MATRIX WHICH OLU NOT INCLUDE USE OF THETA ARF THE
C, FINAL OUTPUT Of THIS ROUTINE* THE DUMMY INDEXING
C ON L IS USED IN VIEm OF POSSI8LE STOPAuE (AS FUNCIIONS
C OF HEIGHT) ANFG RE-USE OF THESE COMfiINATIONS F01
C UIFFEHFNT VALUES UF THETA,
c

C(MMLN/FFQ CUMN/FREQ
COMMON/FL) C0M/ALIMtCOLJIPtMAG FLD
COMMON/H C CM/H
COMMUN/ICN COM/IUNStMRATIO(3)
rOMMON/WN/hAVE NR
fCIMMU,*/NK COLL/HTtEN3)qCNU(3J
CfrMMUN/M MTX/MI iM IM31 MI21,MU,9M32,Mi3,M23,M3
COMMON/STOPE X/Xil(031),X44tO0flX12(U))X34(jUl),Al4(UOi),

X3i(3OIL),X42b%;OL) .X32(UO),X41(031)
COPLP EX
$ UUSQ#OIUDt

s USQO., ATR,
D TEMPtCPLX 1,UUTEMP9

$ M13DM31DM2309M32),Mz3DM33 t.'3lj31D
$ MIIM2i ,MJIM12,Ma9M2M3 M423tM33,

X1 X449XI2 tX34tX±4tX31 9X4ktX32 ,X-tl
RLAL MAG FLOLYMYNY#IUD PRTMRATIO,
$ LSQYSQMSQYSQtNSQYSQLMYSQLNYSQMiYSQ

DArA CPL)A IM/009 toO)/
CATA PI/3.141592653/
PATA ITP/0.O17453292!,2/
DATA COEFF X/3.i832357FO319COEFF Y/1.75879,bFIi/
DATA VEL LT/2.997928EO5/
DATA RE/63o9.427/
DIMENSILN U PARTS(2),USQ. PRT(2),U PAkTS(2I',IUOPRT(2)
F:OUIVALFt\CE (UU PA'RTSMI ),(USQvUSQ PPT(I) )t(DtD PARTS(1J,

(IUD#iU) PRTMI I

all CALL EN NU
Zi C

IP( ICNS .NE9 0) GO TO 20
X = I UEF EN*EN( 1)
Z =CNUCI)*OV O3MGA
U PARTS(li = 1.C.
U PARTS(2) = -Z
USQ PP.T () = 1.0-7Z**2
USO PRT(2) = -Z-Z
D = .vI, C*(USQ-YSQ))
IU) PR.,(l) Z*f) PARTS(jj-0 PARTS(21
IUP P RT(2) D PART S 1) i*D PAR TS 2)

- 186



W~J 22 K =1,3

=L,+UTFAr/VRATIL1(K)**2
uTF-MP=U*r'lt?,P/rY ;ATIO(K)
IF(K EQt. e.) UUT iMP=-UL)TEMP
IVD) TUC +CPLX T#LJDTFMP

-2 Sf L5QJS*L)TEMP
c

3 r VT: l=20*H-1
C

Mil JsG'-)-LSQYSQ*0+CRvTPRM
MeZ JSC0--14SGYSQ*D+CRVTFM

M.3=US -NSCOYS*D+RVTPM
Th = NY*IUr)
T= LMYSQ*0

=+TA-h3

M1 7tT

TA =MY*IUD
TOi = LNVS.)*D

M1 +TA-Tb
zr~ -IA-Ti3

T t = LY* TUD
T~3 = MNY54*D
w32 = +TA-T13

0P23 = -TA-TB

I i.O/(1.O+M33)

M-23D = 2*'IM32D = M '2 *D
FM2.i32 D = M32*M23r)

M1331D = Pk3 *M 13)
M~2331D = 1131*M230
M3213D = M32* M I3D

X41(L 18 -M3



X4 L) M3:2L3D-i 12
X~s2 L) Mi2-M2332D
X4L (L) I 1O+M I -ML133 10
RFT URN

C COMPUTT MN OF CJOANTITIES WHICH ARE NOT FUNCTIONS OF riEIGHT
c UR OF THETA.

F-NTQN I(\IT T
UMEG4 2*0*PI*FREQ*1JJO*O
WAVE NR = OMEGA/VEL LT
Gu.EF EN zCOLFF X*1.0F~b/UMtE A**2
Dv OP.GA =1.0/OMEGA
SIN CIP = SIN(CL:DIP*DTR)
DIR CS L =SIN LOIP*COS(ALIM'UTR)
DIH C S P =SIN rPIP*SIN(AZIM*QTR)
PI R CS N' -COS(C~J DIP*DTR)
Y = -COtFF- Y*MAG FLC/OMEGA
YSO Y**2
LY DIR CS L**Y
MY =DIP CS M*Y
NY = DIR CS N*Y
LSQiYSQ = DIR CS L**2*YSQ
MSQYSQ =DIR CS M**Z*YSQ
N'SQYSO = DIR CS N**2*YSW
LMYSQ = CIR CS L*D[R CS M*YSQ
tI.YS = CIR CS L*DIR CS N*YSQ
MNYS"4 LIR CS M*DIR CS N*YSQ
R FTUP N

END

AA

?7-
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S1JfRt LITIN! S MTt. x
c FOR ms
C IM4P'TAI1 It 1' (F COEFF IC IFNTS USE D IN THE DI FFERENTIAL FQUAT IONS
cI l' tI't,.J)/C. I HCSE AkE STCJ: Et' IN CO:4MJN AREA I'S VTX1

C ANDJ ARE ANALUJIAUS TI, S MATRIX ELEMENTS uiLEN VY
C 1BUCEN (19551 DERIVATIVE.S 'OF THESE LuEFFICIENTS

C ~wRI C=COS(TH-ETA) ARE ALSO COMPUTED IF IJERIV
C IS SET NON-ZERO,
C

COU~N/TKTA C/1HETA
CfiMMLiN/C CLM/C
COMk40ijj/5 C(M1/S
CUM#40N/STORE X/Xil(OI,)X44(OJi)Al2jJOi),X34(uOI~,Xl4tUOL.,i

$rb I IDCv QB220C ,OCI IOC PC22 CDDIL OC 9DCe DC D1D I DC
CC-N'MON/ICEkV C/ltJERIV
rC!M~PL EX

17 THETA,9
s C.sCS'jqcSq

Si LS0CiCCS')C,
I XII ,X44,Xl~,X34,X14,X3lX4,X32,X41,

s TEMPvTWOCt
IAiiv,22 i~ b 149122 PC 11 PC 2IC22tDl1 #U219JiU, 2 t

C'6(1 IDCO8aPC ,OCLIL)C t0C22f)C, UDI. DCt D1)kE,"Dl2OC
()ITA RTC/57,2957a/

CALL T MTIAX

*~L1
C TEM~P X41(L)+X41(L)

All = TEPP+T'EMP
A22 = 4 o.C

F TEP $*X4(L)-C*X41(L)
811 = TFPiP+TFMP

TiOC =C+C

Bk2 =-ThOC

TEMP =-S*Xll(L)-C*X41(L)

Cll TEMP+TEMP

(22 = -ThOC

Ci.1 = CS*(XLI(L)-X444L) )-(1.Q-Xl4(L)J+CSQ*(X41(Li-Xl't(LV)ii D1 =-C*X.i( L) +S*X34( L
P12 = S* X12 (L + C X4 2 L
rl 2 =-X32(L)

IF- (InEfkIV .EQ, 0) RETURN
TFP= CSDC*X44(L)-X41tl{,

Of,1l[C TEMP+TE-MP

TEMP =-CSDC*XiL(L)-X41(.)

L8



OCLII:C TFMP+TEMP
DC22DC =-2.3

oIDi1-Crc VCSDC*tXl (L)J-X44(L)I

01410PC =-)X3(UEiDSDC*X34(L)
1Ai12(C = DSDC*XIL(L)+X'*Z(L) 1
RETURN

C

C INITIALIZATION FOR GIVEN VALUE OF THETA.
ENTRY INIT S
C =CCOS(ThETA/PTD)

C =C**2
S,= fVSINfTHLTA/RTO)
CS= C*S

IF (IDEIPIV .tQ. 0) fkETUPN
uSoc -C/S

RLTUI'N

END

I
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SUr'ROUTlt-F 01FF Fo
C F~rm MS
C flIFFFQ :hT1AL fIuATIONS FOK tk+I.oU/C 6Hf-HE R IS THE RdFLECTION

14T~I-X AS r'EfA,\rJ. lY twDF'. THE QuATIJNS ARE
C L-r.IVEL Fw(Jm THE L'IFIEENTIAL EOUATIUNS FOk R
C G;IVEN B~Y RUDDiEN4 IN OC. RCY. SOC. (LONDJ)t Ae-279
C PP. 51L-537 ( IV551 STOFASL INTO' THE ARRAY (k MTRXI
r IS MAr'F SO THAT THE E UATlr'NS MAY RiE USEL) hITH

C ITHFA THE MAIN> SET OF INTUWfAT ION VARIA8I:St OR
r %ITH IHI COM1PAF1 SON iETt K, DI FFERENT IAL F 4UA7 IONKS
c FUR THE DFRTVATIVES OF- (k+i.O)/C W T C=COS(THETA) ARE

CaLSO USEu IF 1D~RIV IS SET NGN-ZERLI. NuIL THAT THE
CVARITABLE CALLEV 11PI IN THIS ROUTINE IS ACTUALLY

p. ( +I.v)/C. MULTIPLICATIO1N BSY -1 IS EFFECTED B3Y
c APPROPRIATE TRAINSI*Ek OF VALUES FROM 'Ot:RIVl TO
r COMN AREA VAkIABLFS.

cBiLLOC,0)22C,UCLLC,DCZePCLg))lnCDDLUCL)DleVC
COMON/FXTPAIfRILRR~2R22k0C)iD1COR2O(,Dope~.,1

LR 1~1 H R 2 1V HtUR12 UH ,L)K2 2 DH
1 P 1 IHDR 41C H,1)R I2C H Dk2 2C H

Cuj'MON/ IrFW v C/10)ER IV
COMMON/t CC~I/'

C')MN/ ,-L~IV.

CIIMPL EX0

ORI. LOH, DR2L1O Ui2THvR22 DH 9

I (I vAeZ 11lvogkti322 tC I I C 21 ,C22 t IL t( 21,J 12,9022,
9~~~~ Z 110 9C 2 0C C I D CtL)C DiC o LI)C DLU, Dl ZDC93;

J$ L1P I ,I t DI tD21R 12 9122P 22 t

G 1 R I ,iG1.R21 4lk,

1,' iR L1,DI ,I D1 iRe'_l 9DZ, 1D 119 12, D22R 12 tDZLRZ~t Dl/P2e2
')I MFNSI CIN P :Tt,'X(luJDLRIVt1b)
EtQUI V A. E %CEF(R.I t 1 '1 RX( L) t JA LI110H DFk [V( 1

ENTRY P CERIV
C.ALL Xl-FP (PvP MTcRAiN)
IXFLAG = C'

IH(A3S(k MTRX(Il .GT. 1.0W4 GU TO YjO

C21 CONTI NUF

23 ~ '2:1R11191



P12R21 R12*P21

RLI*RC*L2L'~z*RL2R2l

+C2l*PR22+0~I*IkiiR22
f)RtlrH I GIi C2+DlR I 1+02Rt4 .D22R22)*R12
$ +Ei24R22+Die'*iR22

+D11*RL2RZ1
IF (TXFLAG sN~E* 01 GO TO 40

IF (IL)FRIV .EQ, 0) GO) TO Z1.
GLuRu cnllOC*Rl1
G12R2 1 =ruie.Dc*Rd

G2 IR1 2 DU21DC*R 12

N lL1 = 021l*R1 I
r)12Rui = D 1*RiI
D LI Re''L = DLhj*RZt
D22R2 I = D2ed*RZ I
DIIRI2 = 11*R12
Di2R12 = D22*R12
0&1Rk2 z D41*R22

Di2R22 =D14*RZ2

Df~R 1 H (LB 110(+DC IIOC +GkLR i L+-32k 2I+GAR12) *K11
s +(BII+CLI+LIiR 11*DI1IRI+0 IZR2I+D21P j)*DRjjDC

+ +(0 l1L 1+812+ UeR le.)*DRi 1 DC
+(021Rll+C2L+DZ2R~l)*DRl2DC

DXUL1.;H =(CB 20L+DC~IDC*GII11+GL2R2L)*R21+0D21DC*RLLR22
$ +(DlIReL+D2lR22)*DRLDC

uit~a+C iI+DuIRI~i+DJZR2+D2R21+022R2e)*UAk2l0C
+(4J22l2+C2ltO2lRIJJ*t)R22DC

DZL 2C H Lb (LB0iDCDC 22D,+GI IR LL+G4L R 12) *R 12 +DD lkrC*;k11R22
$ g(DIIRI *01l2KZ22*DRllDC
$ +(al 1+C22+P)I 1L+D41RIZ+D21Ri2+022F,/4t)*DR IZOC

+ +(D 2 2R12 + B12 + 12R11 J* DR.22IX

Dt 2CH (CB/eDC+DC22DC+Gie-RZl+Ga1RLZ)*Ra4Wr)IIDC*Rl2Ra 1
Kj +(L012R22+Dlf.12)*OR21OC

+(D2lR2Z.011K21)*ORI2DC

z FUP 4 £ , 1=tN9

24 LA D =0( 1.-ERIV
GR FC 20 n

GO TCp 2
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90-F'ITUk N
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AA
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SUbWCJUTINE RLIARS

C THIS SuqR('-ul!NE C.)PJTFS VALUES OF VA~iA8LES WHICh MAY 6E USED To
CI-&kmm THE ELEMENTS UP THES RBAR MATRIX# rvihikt iARAR

C krPRL,:CNTS REFLEC~TION OF AN ELM WAVE IiRGA IThE EARTH14Z
c SUPFACE. '4AMELY9 KlARLI=DEN11/(C^*NUILL-JENLI),
C OR (I.O/REDRi14i.0)/CmNUMi1/DENI,
C AWD RAR2 elENi4/(C*N4UM22-DFN22),
c lC' ti.)/ cARUZ+L.O)/CNUM22/-)EN2. CbEKIdATIVES
r hRT C=CQSITH.TA) ARE ALSO COMPUTED If IL'ERIV
C IS SET NUN-ZERU* NuTE THAT THE
c LUUAr IONS ARL FURMULATE.O IN SUCH A wAY THAT A SMiJUTH
C IRANSITION IS MADE FR~OM THEt $CURVED LARTI FORM JO
C THlE 'FLAT CAkTHI FoRM. SEE ALSO NOTES IN SUBROUTINE
C MiAINKL REGAROING DEFINITIONS OF HANKEL FUONCTION
c PARAM4ETERS, THE VALUE CF EARTHOS RADI~US IS SUCH AS
c TO MAKE 2,0/RE=J.14E-4. CO~MPUTATION AT THETA=90
C IS NOT EXCLUDED,
C

CLUMMUN/RIALT/ TALTRALT
CUM~4iWNTHETA C/THETA
COMMUN/C CLM/C
C.'MOr.N/RB COM/'4UMlLNUMa,901Nl1,DENZ2,ONMLDCVNMiDCDDNLDCODNOC
COA4?4N/FIF2 C/FIFZ ,Ii'GFLTFILRFflTF2ZR ,GFI.ZT
CCMMCN/FAC COM/FREQ~
CC4MN/t4 CLM/H

COMMON/WM (.OM/kE'SRELSIGMA
COMMON/ ICERV C/ I'ERIV
COMPLEX

$ L19FZP
S THETAtCt
I NU~1i,'iUMZ29,LENLv0EN2

i CNMIOCP-r)NM2DCODNIDCDDN2DC,
i FiFet1G#tG I-CTRFIZrFLZRFaZTF2ZRtUF14tGFILT,
$ CSQSSQ,
$ NGSQ, I I

S HLtHlPvHIPP,
$ HZH2P9H2PP9
s EtEOvEXPON,

$ ~ KKtKX #
$ AltA29A3tA4,9iB29B39B
$ DALDCDA2OCDiA3iCt)A4DCDBlDCD)B2OCLbb3DCtDB4DC

Sr-A L K k AnfK VR AT T 9NO S( 9NUSQ
DATA RTC/57.29573/
CPAT A 1/iC.to,1O)/
DA TA EPSLN/d854i4E-lz/
DAT A VEL LT/2.9919263E5/
DA IA P I/ 3. '1 )3/
DATA R/t3bi*417l
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CcC(,S(ThETA/RTD)

C HEit ~I r G tI I", F OA 4 .=0
Sk CcCRTt\GSQ-SSq)

N. f: /S2

I r ( 11):I V . i Q..) GO TO 0 1
DNMILUC =0.0

D~U.1iIC C1.0-C/(SQP*NGSQfl/2.O
LN'4ePC = -C/SQR**3

rj.tZlc=-(C**Z/SwiR**3+1uS'~I/2.O

1, KVIvATT*CCS)4c-M0)
t. LL M~f-NrL (Lih1,dtHiP ,H2PF3J

=C*1-14(KK*HIPI.KA*Hl)/NOSQ
Fe=C *+2 4(KK *li2P +KX*H i j/NOSQ

t;3= C*i-I+KK*HLP

84 = C*HZ+KK*H2'

AZ =NU t l*B 2-2 .0 *rENIL * hi

A4 NUvt'2*13-2.0*DEN\2Z*hZ
I F (IDF~, IV E. 01 GO TO 20
0LDC = KVk(ATT*2.,O*C
HIPP =-L*HI

* HZPP = -L*?-
06 1OC =FI + (.C * jP +( Is*il PP+K X*tl P /NOSQ)*DLDC;

OL,30 = H(C*HP+t'KKqHjPP)*iUZDC
L44)C = -L+(C*12Ps+KK*H2PP)*DlDC
v&AIOC = J)MLLtls1+DNMIDC*Iii-2.C*( DEN I1*HLP*DlOC+0DN iC*Hfl

D DC= 0L lO3O*N~D~~~.*ONll*H2P*DiDC+ODNlOC*H2j
D A 3 01, NUM2*!B.)DCNMZC*3-2.-*( CEN2Z*H[P*DILCC+0D-N2CY*,H)

DAitOf =NUN,/*0 B)OC UN MeC *'4-2 * DE N2 2 H2 P*ZDC + JDN k J,*2)
tiG FC.TR =(AL.*.I-Al*HzJ/(-KK)

* C
C HEIGHT GAIN~S FOi ELEVAIED TkANSMITTER AND ELFVATE) RECEIVER

I =KVFATT*(CSQ+EIAZT)
CALL MDNKLLLHLH~H,HdPE.J
EXPO,% = CEXP(EZ-EO)
hl Hl/EXPON

h-lP=H IP/EXPON
HZP=H2P*EXP0N
FIZT = (Ae*Hi-AI*Hi2)/(-KK)*eXP({TALT-D)/RE)
1-LT = (A4*HL-A3*H2j*(-SQK/KK)

C P4A T LF IH-I EQUAT ION OF THE OER IVAT lyE OF HE IGHT GA IN FOR
C FPE-RAL AT HEIGHT Z
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PF JZl (A2*HIPA12P)/(-KK)*EXP((rALT-N)/RE)

C -xti ISIVE OF THE DLI TERMA
'if/y= -1*(Av. KL;T*.)FZT+AU*FiLT/2*.)

V KVRAr1*(CSQ+FMZRI

EXPON =Ct-XPEZ-Eo)

H2 H2*EXPON
FILD =(A2*ti1-AI*H2)/(.-KKJ*EXPI(RALTfl)/RE)A

FZ R A4*I-iA3*H2)*(-SQA/KK)

1=20Z VATIS)EO
CALL MDHNKL (ZvHIH2,HLPH2PE) -
FX~PdI. =CtXP(E-EO)

F HIP =HIF/EXPO-NK HeP = H2F*EXPON

81=C*Hl+(KK*HliP+KX*Hl)/NDSQ
St C*F-2+(KK*H2PtKX*H2)/NSW

B3=C * I KK* HI P
B4. = C*H2+KK*H2P

DI N2 = A4*B3-Aj*B4
r NUM11. = Z.o*(A2*Hi-Al*H2)

NUM22 =2.O*(A4*H1-A3*H2)
IF (IDEIIV *EQ. 0) RETURN
HI.PP =-Z*Hl
H PP =-Z*H2
D51C. = t(C*HLtP(KK*HlPP4.KX*HIP,)/NDSQ)*t,'iDC
062DC = +C*HzP+(KK*I12PP#-KX*r12P)/NDSQ)*OLC
Ot,3VOZ = F+(C*HlP+KK*H1LPPI*DZDC
D64DC = 2+(C*t-4jPiiK*H2PP)*DZDC
f)ONIDC =AZ*LB1 DC*OA2DC*t31-A 1*DB2DC-DA IDC*32
D)DN2LDC =At4*(d63C+)A4.*13A3*DB4DCA$DL*84

DI'YIDC =2.O*(A2*HIP*D1ZDC+L)A2DC*Hi-Al*H2P*DZDC-JAIL)C*H2)
DNM20C = Z.O*(A4*HlP*DZDC+DA4DC*Hl1A3*H2P*nlDC-DAiDC*H2I

C FOLLOAING FCUk' SIT7EMENTS NEEDED UNLY FOR COMPUTING EXCITATION

C FAC-TORS.
C. HEiIGH4T GAIN FOR FPERL AT i.0

Fl = (A2*HI-AI*H2)/(-KK)
(I HFIGHiT GAINi FOR riER "T Z=f)

F2 = (A4*hl-A3*H2)*(-SQi(/KK)
C HEIGHT GAIN F-OR FPFRL AT Z=O DIVIDED BY
C HEIG-tT GAIN FOR FPERL AT L=D

HG = XP(-D/RE)*HG FrCTR/FI
RE 7UP N

C
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C ClL PUIAI Wti: ifi!CH- 15 INOEENUE.1ir iOF THEIA.

*Wbvf Nf L.MEGA/VFL LT
-5 H$.L-14*SIGMA/UVIELPA/ PSLOO

AVRKtVT = EXP( AL C';A(; 1 /3 0)
KVFA(-T = L*/AVFKOT
KVRATT = .J/AVkKLJT**2

KX / I AAVE NR*RE)
G

=MK 2.O*(KALT-H)/RE
EMZ T v .C*(TALT-HI)/PF

C
EV 2,C'11.>-H)/RE

r.S- i .+EMD

NOSQ 1*=*0HR

ENI)
-4

-'44

3
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SU84(UTIKE MDHNKL (Z9HIlthdH1P9H2P9E)
C FOR 'ms
C THIS SU ROUTINE COtPPUTES VALUES OF VARIABLES Wd1ICh MAY BE CCMBINED)
c TO f 2RM MilFIED HANKEL FUNCTIONS AS OcSCRIBED
C IN #TAfRLEb OF THE MUDIFIEI) HANKEL FUNCTIUNS OF ORDFR
C ;NE THIRD3 ANL1 Cd- THEIR DERIVATIVES 4, BY THE STAPF OF
C THF CumIPUTATIUN LABiJRATORYt HARVARL, i.NVRSITY
C PRESS, 1)',5. THE NOTATION IS SUCH ThAT THE J
C ACTUAL HI=,1l*&XP(-E), THE AtCTUAL HZzh4*EXV(E)* 3
C ACTUAL DEPIvATIVES WRT AkGUMENeTt Z, AKE lilP*--XP(-L)
C AND HiP*EXP(E).

C(OMPLFX ZthiHZHIPH2PtE,

$ IPARTS9

s SUMA tSUM13 9SOMC 9SUMO, L
$ IPIlbTvl2THROIPI5129

$ SUM 1 #SUMI'2 vUM LP tSUM2 P
$ RTLOVRZOVHMtZ3H,'43HUVL, IRTZMIZ3IIMLJ)Vi39
s L'SUMESUMfOSUMPtEsumpt
s EDIFF

DIMENSICN A(ea),qt3(22)qcAP(14),PART(2)
FQUIVALENCE (PA;T(1),PAR1S)
OATA AO/C.94043t/1b93/

DATA CAP/

$ .'j4io44OD-Ob6162b743758D-01332-t02818b277D 00,.
j .,9.57i)29868626f) 01,?.J923Oi30115b70O 0I4.744.5686,b'.0D 02.

s j.*20)I49LO9100OO0D O3,io4OkS65496OCO0OOO 04#i.9tj92312OOOO0O0D 05,
$ 1.79lS02v.sOU(O)0D 0ot,.74843770CL.,0OD 07/
DATA I/(C.C,1.3)/

K DATA R~rT.--/ls73205J8075o~b8/
DATA ALPFA/U.85 )obIZ18838v5l/
0,AT A PI/3.14159e~6,35S979/
DA A 1ST/l/

LMA4(= CA ,S I L)
It (Z4AC- .GT. 4.2) GO TO 50

C
C kMAr LAURI NO SFKIES FORM FOR MAGNITUDE(CZ) NOT GREATER THAN 4.2t

If' ( I ST EFQ. 0) GO TO 12
EAM = 1,01b.0
Az BHI) = e.O/24.0

'(A) 9--)*( 3.O*M-i.O)/t (3.0*M+1.O)*L3.0*M)*(j.J*M-L.0))
11 C(,NTlINUF
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lSUJMA =1.0

MZ3 *3

ifZPCdFr l ZPUflERVMZ3

SU%44 SUAA+TERm

PARTS TEPM

IfR (AjiS(FAfT(l).#A3StPAKT(?-i) oLT. 1.0F-1O1 GO TO ic
TERM4 = 3(m)*LPOwER

S l R= S L Vi+T E P

PA T S '= Trpm

15 CU)NT I %U :
16 F = 4*SUVA

G = Z*BQ*SuMB
FP= 3.C*AO*SUMC/L
GP = (3.0*bUM0+S)'Vl)*fR

TP I*%=-P-P/JT
Hl G+T
HIP =GP+TP
H2 =G-T

412P GP-TP

rE TUP NI C ASYMPT1J IC SLRIES FORk %A3NITJOE(L) 3REATER THAN 4*.2
5 0 If- (IFU'(ST .EQ. U) Gu TO 51

t lPI LT li U.*Pi*If1le.
I2THD 12*/o
IP1512 = 5,0*Pl*1/12*0
ALPH1. = ALPHA**2
IFIRST =0

51 KTZ CSRTl

oVpL 1.0/Z
PlV %M4 Z = -0.2 5*CvRL

L3H = Z*RTZ
M3HOVLVR

U ITZ I*PTZ
M113H- -I*Z3H

F =-1211-P.*Z3H+1P1512
-~~ R : SrWT(kLPriS(Q/Rrz)

C
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F sum 0.0
ESUMP =0.0

ZPlWE R = 1.0

Z PLj ~ei[R = ZP0OAER*MLOV13
TFQM =CAP(M-1)*ZPowER
11SUM =CSUtV+TERM-%
LISUMP CSUMP+IM-1)*TFRM
TFFM =CAP(,M)*ZPt)WER

LSUM ESUM+TERM
fTSUMP r-SUMP+M*TERM
P4~PTS TrI(M
IF (tRS(PART(1))+AESS(PAP.T(2)J *LT. I.OF-3) GO TiJ 5.2

W C0N T I NU E
53 CONTINUE

OSUM =MIZ3H*OSUM

0~SU-lP t"L3Hl*M3H0VL*0SuMP
FSUMP = I3h0VZ*ESUMP
SUMl Ioo-Olsum+f:SUM
SOM2? I#O+USU14+FSUM
SUMIP -OSUMPi+ESUMP
SUM2P =CSUMPtESU4P

C
Hi= SUPI~
H= SUM?

HIP = (CVRM41-+IKTL)*SUML+SUMLP
H P = (CVRM4L-ItKTL)*SUMZ+SUM2P
PARTS =L
1I: (P4RT(j) .GT. 0.0) GO TO 70

aC
IF (PAkT(2) .GT* 3.0) GU TO 63
EDIF- = CFXP(E4+E-IP!1oT)
HI = H1+EOIFF*H2
HIP = HIP*EOIFF*H2P
GOJ TO 70

6~3 PDIFF = CEXP(-E-EtIPllbT)
HZ = H2tEDIFF*Hl
HZP =H,'P+ELIIFF*HiP

70 Hi F*Hl
H2 R*iH2

HP= R*HIP
012P = P*F2V
P FT URN

C

Rr4
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SUEP3uTINE FS IT

C THSSRRIIN PFRFORMS AN INTEGRATLUN (IF THE VIF-FERENTIAL

r r4~UATIcNS Fthm THE ICNOSPI-tri- RFLELTION 44TRIX
C THROUGH 4 FREL SPACE RLGION CIVEP A CUK~VbJ LARTH*
C THE 1ITEGRATILN MAY 3)F PLFFL~rMFV IN EITHER A PL'SITIVE

C OR NEuJATIVE HEIGHT DIRECTIUN, BUT IN THIS PR.jGRAM THEJC INTE. ATION IS ALwAYS UPWARD. THF- INTEuKiATION VAI(IABLES
C A .4 ThE ELEMENJTS OF THE MATkHX (wl%;I wmEE k IS THE
C kEFLECTI(CN MATfkIX OESCKIED BY PUDLEN. THL SOLUTiOJN
C IS BASED ON bUDOEN, RAGIID %AVES IN TH-E liN6SPHERE,

c 33L,-335iANfl 343-345. IF IVERIV

C IS SET NON-LLRO, THL DIRVATIVFS OF tR+1.i )IC ELEMENTS
C WRT CzCOS(THETA) ARE ALSO INTEGRATION VAKIABLES-

jC LOMPUTATION AT THETA=9U IS NOT FXCLUDEO. ALSO,
C THE EQUATIOJNS AKE FUkd&JLATED IN SUCH A v,4Y THAT A

C SM0OTH TR~ANSIT~ION IS MADE FROM~ TH4 lCuRvE!) EARTH' FURM
C 10 THE 'FLAT F-AKTHo rGPM FOR AfPPO.'RIATE VALUES OF
C THFTA. THlE INITIAL AND FINAL VALUES OF
C, THE INTEGRATION VARIA3LES ARE STORED IN THE COMIMONIc AREA 'INTEGR'.

CO'MPN/XPPNT/XP9INT

CDN140N/THFTA C/THETA
CCMMON/C CCM/C
CO-MMON/H CCM/HI COM*4GN/sNi%AVE NO.
COMMOlN/IDEkV C/IOERIV
COM~PLEX THE1AtCt

$ I,KKgFXtCSQ,I EXPUN,
$ Zli11d,oHlP#H2FiEOE,

Si AIL:412A21A,2
$ DAliDC,0A12f)CtL)A21DCDA22DCt

% OFiDCOGlOCLAIOCDBiOCDFiDCDG2DCDA2CCDdZiDC,iit EPIEP,9EYIEY2t
$ DEP IDC ,DEP20C ,ljEYiDC90CE ZDC9
$ DEf49VltV2t

$ ~DDENDC#UVIDC#LVV2DCII RFAL KVRATTNOSQ#NZSQ
INTEGER XPRI'NT
DATA I/(C.C,1.O)/:11 DATA RE/636.j.427/
DATA RTC/57.2957S/

C

IF (XPRINT *NE* 0) PRINT l0ORLI.,RZl#Rl2,R22
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100 FOMT(10',AT HTZL~j K =',4t2X,2F1295))
[F (ILERlIV .NE.* 0 *A'4D. XPK INT aNks 01
$PRINT LO~iDLIir;R2ioCPoR12DCtnR22OC T

C =.C(SITHEIA/P7D)
C.sQ C**2

C rtUMPU7AT 10\ OF hFI UfH1G4IN CUEIFIC IENIS F rGtAB FLA ITgU CONDIT IONS
c ON THE UPGOING wAVE AT HEIGHT=ZO* NAMELY, El1 !*LYz0
C AND EI13,fEYz1. EACH OF THE COEFFIC,N.S FGAjfi IS
C = (IVIMG~ BiY C~tCOS(THETA)*

L=K VRA7T* (CSQ +rMO )
CALI MnthNKL (LvtHi#H~tHLP9H2PtEU)
All H M
AUZ H2
All1 C*1-1+(KK*h1iP+KX*Hl)/NOSQ
Ai2 C*I-2+(KK*tf4P.KX*H2)/NOSQ
DEN AII*AaL.,-AaL'*A12
F1 (RII*A22a-Z*.*AlZ)/0kN

FL 42*A22/ DEN
3i -Rl2*A2I/DEN

IF (IDERIV .EoO. ) GO TO 45
Di 0C =KVRATT*2 O*C
HIPP a-i*Hl
H2PP a-Z*HZ

OA1ZDC = H2P*DLDC 1

DA22UC =HZt(C*HlP+(KK*H2PPtKX*H2P)/NOSQ)*OlODC

DG L =(2.*AIIDC-Pi*DA21DC-DRlDC*A4I)/D N-Gi*L)0ENDC/0E-N
D 2C =(Rll*DAeDC+LRIDC*AZ,)/EN-F2*DfNDC/DEt4

-IC (-g 2*DJAZ IOC-OR 1.DC*AZI )/DFN-G2*DDENDC/[)EN
C . Ao H

5All = H1

A A21 zC*tI1+KK*HLP
A22 = C*I-2+KK*HZP
DEN = AII*A22-A41*A12

R2X*A22/DE
A= R21*A22/DEN

A,= (R2Z*A22-2*0*AI21 /DEN

Ut WL0C = 0*202



rC'ENL)C A 1 *A 22C A I LC*A2ZA2*DA 2DC-flA2alt(.*AaZ
OA L M (Q2iLFDA 2DC 4')RiD)C*A2)d/DENAI*D,(Nioc/ oi3

1iIDCa t-Rt.i*r)A,-IDC-fDe21DC*A. I)/DEN-81*DrFNC/JEN

C COMPUTA7 ON OF UPGCJNG FIELDS Ell AND EY AT HEIGH7=14 FOR THE TvfO
c CCAOITIGNS DLSCkIi3ED AbOVE.

3U. Z r. VRA7T*(CSQ+CML I
-~ CALL MiHNKL (L#Hl#He#H1PvH2P,&)

FXPON =CFXP(E-EOJ
fIl a Hl/rXPON'
H 2 - H2*EXPON

HIP =H I P/ E XP U
HP=H2FXPON '

A& C*t-1+(KIK*1P+Kx*ri)/NlSQ
A,2 zC*I-2+(KK*KZP+KX*H4)/NZSO
FP = FL*Ae41+Gi*Ai,.J/,e*

EPZ (F2*A2l+'.4*A?Zd/2.0 -

IF t IDU'IV *EQ. 0) GO TO ?_
HIPP = -1*111 F
p2pp= ZH
V Ai CC = Hi*(C*HiP,4KK*H-LPP+KX*HIP)/NZSQ)*OLC
VrA22 = Hit+( C*fQPtIK*HePPKX*H2P I/NZSQ) *DLCC

*DF P 1.C = ( I*D)A21DC+fFIC*A21G*DA LCD(&IDC*AZi/2.O

C
35 421 z C*FI-+KK*HIP A

AZ?. = C*F-2+KK*H2P
FYl = (AI*A2L+B1*A22/&:.uj
EY4! = 1A2*A21+62*AZ2)/2*0

I F I DE PIV .EQ. J) GO TO '*0
C[A 1UC z Hl+(C*HIP4KK(*Hit'P)*DZDC
DA22UC =H2+(C*H2P*KK*HZPP)*DZDCa
DEYLC =(AI*DAZIDC+OAIDC*A2l+81*DA2e0C.DEBl(.C*A2L)/2.O

C COMPUTATION\ OF REFLECTION COEFFICIENTS AT HEIG1iT=Zlo
40 VI. z Fl*Hi+Gl*H2

V2 F2*t-I+G2*H2
DEN = EFl*EY2-EP2*EYI
Rl.l = (V*Y-2E1/
k1 V2*EPI-V1*EP2)/DEN

IF (IL3ERIV *EQ* 0) GO TO 45~VI DVIDC x(Fl*H1P1~'.i*H2P*ODC+DFIDC*HI+DGLDC*H2
DV2DC = (F2*H?.+G*HP)*DZCI.0F21)C*Hl+DG2DC*HZ
DFU5C EP1i*0t YZDC+DEPIf3L*EY2-EP2*lEY IOC-0EP2& C*EYI
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--R2*&)ENCC/LhN

Vi =i

V1 = A2*Vi+32*H-2

R tl VZ*EPI-VL*EP2)/tUtN

I ( I Vt I Iv .. S)o Gc Ic 50O

M-1 11,C =(VI* ~rYeLC+-)VII).*EY4-V *VE Y1I)C-OV4'IIC*tYih/r)LN
s -Rz 1*tDE.N4CCDEN
DF22f C =(VV*!EPIOCCVZC*EPI-V*I-P C-EVO.*FPZJ/DLN
4 -R22*LA)ENOC/DtN

C
5v IF (XPRINT NWE& 1) P IiNT ~i,~I~I$
0) F(VF 'AkT l'O',AT HT=Li k = 4(f2X, F12*.,iI

If- t~V~.%E, I) A*"; APINT .t.E LI)

531 FCRMAT ('Ot'DEPIVS = ',4Xt4(2XtLP2EI&*5)) I

C

C COMPUTAT~n "rH~ ~ICH- IS PO!EPENDVENT OF THrFTA, TH-E IKT *.%. ATIO1N iIti
C PRtCEE!D FRt"IM tiLIGHT Lo TO H4EIGHT i4 vnhtA'N fSINTG IS

VC CALLECo

APG =2.C/UwAVE Nkl*RE)I ~AVfd(CT = FM~ALOG(AWO,/3.0)

KX = I/(ihAVE Nk*RE)

NuS0 = 1O+EMO
EKE. 2.C*(Zi.-H)/RE
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fr"K5 n_

suEP'to U1INC FCT VAL (THLTAZIF)

C ~fIrP~COMPUJTING F FuKLTIUN VALUES AT MLSH-PLINTS-1 CALLED) GN
CPKINCIPALLY 13Y SdUB;4OUTItES FIEP~OS A-NO Nu MESH* -IIS

C IS Mil M06[FIED F FUNCTION HItH' HAS NOQ POLES ANU WHICHI
C HAS NL ZEROS AT THETA=90*

C( ./NIICFR'V ClIDER IV
CU".MtN/!XACT C/IFXACT
C(.mmrt4/T1hTA C/THETA
CUMfAVN/lKTFGR/RllpR2itidR22
CtofMtN/P. CUM/NUMlLqNUM2kiJENiL#DI:Nia
COMPLEX THETAlt,

s THETA,
$ RLR~jRl ,Ri2t
$ N'UM1NUM2290FN)IuEi422

C
TI, = tiIETAL

f-(IXACI *E(sio 0) GO TO IL
CALL INTFG

I CALL FS JITG
GtL TO~ I

LL rlt LACPNG
l~ CALL PBA','S

F =(NU L-Mi*VtN11)*(NtJM22-R22*DEN22)
$ -RIZ*Rii*(0ENll*DEN22

Rk TURN

205



A- -

SUBROUTINE F 0FLjT lTHETAL,&,iUFOT)
f~ FOR FS
r ROUTINE FURP COMPUTING F FUNCTION 'VALUES AND THEIR DERIVATIVES H

ChRT THETA AT APBITRARY VALUES OF THETA. CALLED ON
c PRINCIPALLY fWY SUBRUUTINES Nil MESH AND FINAL. THIS
c IS THE MODIFIED F FUNCTION WHICH HAS NO POLES AND WHICH
C HAS NO LFRO1S AT THFTA=9O.

(LJMPrN/!O;ERV Cl IDLRIV
C(.MMUNlI) ACT C/IEXACT
COMMONIK)'ACT C/ KEXACT
CO~MONlTHETA C/THETA
COMMONITEGR/ltRA,RliqR2Zt

s 0R1IOC9OR21(DCOR120C.DR4ZDC
CC-MMCON/Rd COMINUMI1,NUM22#OENLkvDENZZ,

SCNMIDCtDNM2DCCflONI DC t D)N2-DC
COM PL E X
s. THETAZiFDFDTt
s THIETAt
$ DFUCPS9

s. URI Mi DR210t; 091ZDC DR22DC,
NU MJI I iNUM22 D EN 11,#0EN 22

s DNM IDC DN M2 DC DUN 1OCON2DC,
F. AC TR IFA CT P2,RAL2R e NLDN2

S. OFR 11DF OR 2 1OFDR 12OF DR 22
S. DFUNM1,DFONM2 ib-DNlDFDDN2

DIATA RTC/57o295/
C
C

THETA =THETAL
IDERI V-l
IHKEXACT *EQ. 0 *AND* IEXACT *EQ* 0) GO TO 11
CALL INTEG
CALL FS INTG
GO TO 12

11 CALL LAG DER Z

14 CALL RBAIRS

FAC TP 1 NUMI1-Fil.*QEN11
FACTRZ = NUM2-R22*DEN42
R12R21 = R12*RZI
DN10N2 = ENLL*CENZZ
F = FACTgj*FACTiR2-Ri2R2*UNlDN2

C
1) FJNM 1 = FACTR2

DFf.NMZ z FACTRI.
DFOODI= -P LI*F ACTR 2-R 12R 2I*OEN2Z
DFOONZ = -R22*FACTRi-Rl2R21*DENI1

OFOR2I1 -Ri2*fDNLON2
DF,!,i 2 =-.g21*DNjDN2
OF )R2 2 = -DEN22*~FACTR1
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= ~ ItC4DFDRtt*i)RZ LUC

+DFD*4ML*ONM~ ILVC DFDNM4*NM 20C

S: L S INATHETA/R IO)

1 : T Uji N

iAi
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I StaltRiiT IK LA(,kNG

C lz UIIIE f VP PC (f.IiING LAGRANGE INiTEkPOLAT ION OF M PLaCT JUN
C~ul 11-"F'IItNTS 1h~ THE~ (uS(ITiETA) P'LANE*

Ic
C(,4*N/1l'ITA C/tNETA

ICL-4MP/ INTiI\1$a'd,(4) RC (4)

DATA PTV/57929578/

C LAiPAtNGE IN-TEPPLATION.
C xCCflS(THEWA/TD)

L, 00 2i JIl4
* IZ2 SLJM(IJ= *

00 24 JG=19,M%

fie, ?.3 J~1,NG
If IJ *EC*. JG) GUJ TO 2i,
PkUD = PA1L0*lC-LG(J))

23 COiNT!NUr

024 SU = SUM(I+COEF(I#JG)*PR00

j IDC 4.1 1=1,4I ~ ~ R =! ~ SLM(I')
RrTUP~N

C

I C INI1TALIZATION OF LAGRANGE INTERPOLATION USING INEORM4TLO0N £4N
C LOCATInN OF GIVEN VALUES IN CoS(THETA) PLANE.

ENT RY INIT Lp (TIIETAGNfjl
Vii 31 JGliNG

.i1 CG,(JG) = C~J(THFTAG(J3)/lkTOi
-c=

Ct r,: 4 JC=ItNG

Pt) 373 J=1,NG
It WJ ECs JG) GO TO 33
PROD P~r'*(CG(JG).-CG(JJi

33 CONTINUE
134 DEN(JG) =PRO()

i<ETUIkN

C FtjHTfE INITIALIZA11UW -1F LAGRAN~fi INTERMCLATION USIN INrOMATIO.,4
C (IN GIVEN VALUES*

ENTRY SET LAG INGtR GIVEN)

DO +I - 208N



C AP010NIC OF DERIVATIv9S 6I INTEkPOLA~ft, VALUES w~I C!StTHLTA)*
C NO EXACT VAL~AS OF Z)KOC ARE USED.
C THE LAGRANGF INTERPOLATION FORMULA ITSELF
C IS OJIFFRENTIATLD WRT COS(THETA).

NG = NG-I

00 64 J~SJAPI,N3

'If (J C* JA *OR. J EiQ. JB)J GO TO 63I

6.4 SUY(I) - Su'(I)+PfOD*(COF(IjA)+COEFliJBI)
DC b5 1=194

65 WciIt1) - SUM(W)
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[ SUBRL'UTINE FZEAOS (TLEFTTRIGHTTBUTtTT'OPTMESHtTULMPRINT,
$ ZEOSNR Z) sI "'A

4':ZE'rS E S A C UT4 L FOR FINuING THE LERCS OF A COP-PLEA FUNCTION, F,
" vtiICH LIE wiThIN A SPECIFIED RECTANGULAR REGION OF TIE
C CUMPL X (THETA) PLANE, P'KUVIUED THE FUNCTION HAS NO

, C POLES IN THE VICINITY OF THE RECTANGLE.
C FXPLANAT ION (IF PARAMETERS--
C TLEFT - VALUE OF REAL PART OF THETA Ar LEFT EDGE CF ; ECTANGLE.%
C T Gril - VALU.S OF REAL PART OF THETA AT RT tDGE OF RECTANGLE
C TBOT - IVALUE OF IMAt PART OF THETA AT BOTTOM EDpE OF FECTANGLE
C TTOP - VALUE OF IMAG PART OF THETA AT TOP EDGE JiF RECTANGLE.
r. TMFSti - SET EQUAL Tu ABOUT HALF THE AVERAGE SPACING BETwEEN
C ZEROS WITHIN THE RECTANGLE. A SMALLER VALUE MAY BE USEQ
C AS A SAFETY MEASURE, 8UT TOO SMALL A VALUE WILL RESULT
C IN EXCESSIVE RUN TIME.
C TL - TULERANCF TO %HICH ZEROS ARE TO BE FOUND. IF TWO g
rC ZEROS ARE CLOSER THAN OTOLt' THE ROOI-FI-IDER iILL STOP

C kITH AN ERROP MESSAGE.
C MPRIN T - NORMALLY SET TO ZERO. A NON-ZERO VALUE LEADS TO
C PRINT-OUT FUR DEBUGGING.
C ZEROS - OUTPUT LIST OF (COMPLEX) VALUES OF THETA AT WHICH
C ZEROS ARE FOUND.
C Nk L - THE NUMBER OF ZERUS FOUND.
C SUBROUTINES Tc bF FROVIOEO--
C FCI VAL ITHETAF) - TO RETURN THE VALUE OF THE FUNCTION, Ft
C AT THE POINT IN THE COMPLEX PLANE SPECIFIED 13Y 'THETA%' _
C F DFOT (THETA,FtL)FDT) - SAME AS IFCT VAL$ EXCEPT THAT THE

VERIVATIVFF V;FDT, OF THE FUNCTION WRI THETA MUST ALSO
C BE RETURNED.
C

CU;MC!N/ZLS COM/NR ZTNR ZLS( 100)
COMMGN/TPC COM/TMESHC
DIMENSICfN ZEROS(2,1
COMPLEX FPRFV FtFOOtFl0tiOlFltPAPTS
CIMENSICK PAkT(f) SOL(2),THETAt2)
DIMEISICK K EDGE1(501K EDUEZ(509)K EDGE3(50)tK EUGE4(50
E(QUIVALF&CF (PARTfI),PARTS)

C

IF (MPPINT NE* 0) PRINT 906
90t. FORMAT ('1')

C

TMESFiC = TMESH

C SIDFS OF RECTANGLE IN TMESH UNITS

JLI = TLEFT/TMESH
IF (TLEFT .GE 0.0) JLT = JLT-.
IF (TLF-T .LT. 0.0) JLT = JLT-b

C 4j~1i1 JF~T =Tf IGHT/TMFSHIF (TPI(f-,T .GT* 00) JkT JRT+2
IF (TRIGHT .LE. 0.0) JkT = JRT+l
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A

JbU T WT/TMESH
It i (fktI '.GE. 0.0) JfsO7 JBOT-1I
11' tHt~t1 .LT, j*0) JiBOV= JBOT-4

C
JIL.l4 IIOP/TMESH
If LTTtVP *.,* 3.0) JTnp a JTOP+2
I 47UP .LE* 0.0) JTG' -a JTOP4l

C INIIIALI tAT ION OF PARAMETECSo
KI = JT(;F

= J I.t

CALL FIND F (KRKItF)
N1. El x0

t'p E3 C

tjL I-F4 C
N k I T C

LO I F 0I4P it. *EQ*~ 0) GO TU'20
N R Z1.S(NP F ) a NR it.
N;~ ZL =0

20& PPFV F = F

IF UNfl LL *GT, li PRINT gec0,NR LL.
V20 FCPMIAT (1O',13,lX#0MrJDES FOUND ON SAME PHASE LINE')

GTG ;21#263l.WKEUGE

CSEARCH ALOCt~ LEFT EOGE OF RELTANGLE FU;R SIGN CHANuES IN IMAG(Fle
I1 IF ( I FQ~. Jt3JT) KEDGE =

If iVE~CCr kEj. 4) GO TO 2u
1(1 = KI-1
CALL FINC V (KqKI#F)
IF ((AINAG(PREV F) .GT* 0.0 .AND. AIMAGIF) #GT. 0.0)

.Ufk. (AIMA,-(PREV F) *LTs 0.0 .AND. 41MAG(F) .LT. 0.0)
P30 TO 2

IF 04 Fl EtQ* 0) GO TO 2Z
DU ik KltNR El_
IF (K I *FEJo K EDGElIK) GU. TO Z0

-~CON~TINUE

Fol = PREV( P
FOO = F
LI =1(1
LP =JIT
GO TU43

c.
C SEAR~CH AL~tr BOTTOM EDGE Of- RECTAN4GLE FOR SIGN CHANGEs IN IMAG(IF).

26 IF (KQ .Fo. JRT) KEOGE =3

IF (KEL'GE .fW# 3) GO TU il
KP KR+l
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CALL FIKO F IKRtKIF)
If ((AI 4.GiPPREV F) .GT. U.U .ANOo AIMAW() .GTo J9J)
$ .UR. (A~iAG(VRLV F) .LT. 0.0 9AN09 Ai!4AL(F) eLT. 0.0)) t
$ '.GG TO 420

I- (I~k Et .Ek. 0) GO TO kd
f) 2 7 E~N E2

I F f~ .Q . K E ;G E 2 1K) GU TO 20
27 C (N TI NU F

2E LF(J0 PRFV F

IA.= KR-I
Gti TO 48

C
C SEARCH ALONC kfI;HT EDGE OF RtCTANGLE FOR SIGN CHANGES IN IMAGIF).

31 Ir ( I *FQo JTOP) KEDGE 4
if (KEI2uE *EQ* 4.) GO TO 36
KI = KI+I I
CALL FINC F (K- vIFl
Ii- t(AIPA3(PkLV F) .GT. 0.0 .ANDo AIMAG(F) .GT. u.j)
$ *OR* (AIMA-G(PREV F) .LT. 0.0 *AND* AIMAGMF .LT. 0.0))

s GO0TO20N
If- (MR t3 sEQ, 0) GO TO 33
DU 32 K=1,NR E3
I f (K I . CQ.9 K EUG E 3(K)I GO TO 20j

32 CrINT INU F
33 F10 = PPFV F

Fll = F
L I =KI-i

F ~ Li = JRT-l :
GO TO 53

C *A
EC SEAHC0- ALONC TOP EOGE OF RECTANGLE F0I SIGN CHANGES 1.4 IMAG(F).

36 Ir (KR .EQo JLT) GO TO 60
K%=Kk-1

CALL FIN[C F (KR 9K 1,F)
IF ((AI!PAG(PREV F) .GT. 0.0 *AND* AIMAGIF .GT. 0.0)
$ .Ok, (AIMAM(PRLV F.) .LTo 0.0 .AND* AIMAGIF) t.1T. 0.0))
$ ~ G GTOJ20

IF (N~'R E4 .EQ. 0) GO TO 38
D7O0 37 K1,tNR E4
IF (KR *EQ, K ECfPE4(K)) GU TO 20

38 Fi1 = PPEV I-K

LI JTCP-1
LR k KRK

C FNTF MESH SQUARE -ROM LFI-T SIDE 3R EXIT RECTANGLE AT RIGHT EDGE.
41i L r = fLP+l

IF (IP .LE, JRT-1) GO TO 4*2
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K 0F3(IR 1:3) LI+1
IF (,APkI NT .NE. 0) PRINT YiO
C'0 T(, 10

FCO F IC
.3 (I.L L fII;U (LR+1.LI+iI-ii)

Ct L, L FItNC F (LR. 1,LI FIO)
L fU,#1 = I
I K~V~ 1t4t .

FNITr' I -AIMAWIF('U)/AIMAG(FUI -F O)
GE' Tf, 60 

z

C ENTE k Mi SH S(UARE L'ROM .OTT(IM SIDE 01 EXIT RECTANGLE AT TOP EDGE.

IF (LI .LE. JTOP-1) GO TO 47
Nk E4 = NP F4+1
K Er)(E4(R E4) = LR
IF (f. PRINT .NE. .0) PRINT v-J0
Gb TC' 1 Q

47 FuO = FO1~F10 z F11

48 CALL FIKC F (LRLI+lFOj1
CALL FIN. F (LR+1.LI+1,FLt)
L E JF = 2
ENTEF R z -AIMAC(FOO)/AIMAG(Fh.O-FO0)
EtTEN. I = 0.0
G L TO 6O0

C efqTFR MESH SQUARE FROM RIutHT SIDE UR EXIT RECTANGLL AT LEFT EDGE.
51 LF = LR-1

IF (Lk, .GF. JLT) GO TO 52
Pik El = NR Ef+1
K EDGFI(.R El) LI
IF (MPRINT .NE. 0) PRINT v4%)

T f? 10
5 FlI = rui

FlAr z FCO
53 CALL FINO F (LR#LI'IFOI)

CALL FINE F iLRLIFO0)
LEDGE = 3
ENTER R = 1.0
F N T I -AIMA(Fl.O)/AIMAG(FLl-FO)
(;O TO bO

C ENIFr- MESH SQUARF FROM TOP SID" OR EXIT RECTANGLE AT 6OTTOM EDGE.
5Q LI = tI-1IF (LI .9,E. JBOTJ GU TO 57

N CEZ =NR E2+1
K EDGE2(NR E2) LR+1
IF (m'PkINT .NF. 0) PRINT 9-)0
(:3 T f 10

57 F01 = FOG0

3lC
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5B CAlL FINC F (LRLIFOO)
CALL FINC F (LR +lLItFIi
LE'DGE = -4
r't,.IFr P -iIMAL(FOI)/AIMAG(FLI-FO1)

EN'TER I = •

GL T(1 60
C
C Fl 0hBUGGIKG ONLY, PRINT LU-ORDINATE OF LOWER LEFT CORNER
C OF CUkRENT MeSH SQUARE. RESULTING SET OF PRINTED
C COI-fCRcINATES GIVES TRACE or EACH LINt ALUNG WHICH
C IMAG(F)=0.O FkOM ITS ENTKY UN THE EDGE 01 THE
C RECTANGLE TO ITS EXIT AT ANQTHER 'UINT OiN THE
C RECTANGLE.

bO IF (MPRINT .NE. 3) PRINT 9bOLRLI
9bo FORMAT (I ',2OX,215)

C TEST FOR TERE BEING TWO (HYPERBOLIC) LINES ENTERING AND LEAVING
C THE MESH SQ UARE ALONG EACH OF WHICH IMAG(F)O.0
C IF SO, SET *LTWU* NON-ZERO.

LTwo = "

IF (AIMAG(FJO0) .GT* 0.0 *AND. AIMAG(FIL) .$T• 0.0
.AND. AIMAG(FiO) *LT. 0.0 *AND, AIMAG(FOL) oLT. 0.0)

$ .OR. (AIMAG(FOO) .LT. 0.0 .AND. AIMAG(FLL) .LT. 0.0
$ .AND. AIMAG(FLO) .GT. 0.0 *AND. AIMAWdFOL) oGT. 0.0))
$ LTWO = 1

C TEST FOR TFERE BEING AT LEAST ONE (HYPERPOLIC) LINE ENTERING AND
C LEAVING THE MESH '3QUARE ALONG WHICH REAL(F)=0.0
C IF NOT, SET #190' TO ZERO.

1,9 0 = 1 :

If ((REAL(FOO) .GT. 0.0 *AND, REAL(FiO) .GT. 0.0
$ .AND. REAL(FOI) .GT. 0.0 .AND* REAL(FLI) .GT. 0.0)
$ .OR* (REAL(FO0* .LT 0.0 .AND. REAL(FLO) .LT. 0.0

.AND. REAL(FOL) .LT. 0.0 .AND. REAL(FIL) *LT. 0.0))
$ 190 = 0
IF (t TWC .EQ. 0 .AND. I0 .EQ. U) GO TO 70

C
C COMPUTATICN OF COEFFICIENTS TO BE USED IN DESCRIBING THE VARIA7ION
C OF THE FUNCTION WITHIN A MESH SQUARE GIVEN THE
C VALUES AT THE CORNERS OF THE SQUARE AND LINEAR
C VARIATION ALONG ITS EDGES. ALSO, THE POSITION OF
C CRUSSING OF THE HYPERBOLIC ASYMPTOTES (WHICH ARE "U"
C PARALLEL TO THE SIDES OF THE SQUARE) FOR THE LINES
C IMAG(F)=O.O ARE COMPUTED IF BOTH LINES (BRANCHES)
C ENTER AND LEAVE THE SQUARE. :

PARTS = FOO
AR = PART(1)
Al = PART(2)
PARTS = FO-FUO-
BR = PAR(I})
BI PARTM2
PARTS = FIG-FJO -;

CR =PAPT(1)

CI PAPT(2)
PAPTS = FOOFIl-FOl-FIO
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C IN Th I -CtI/D Ij r (190 .*Ol G) TO 70

61 AL A 1*HI -A I t
AL =AR*CI-A1*CR

AD - AP*CI-AI*DR
EC =BR*CI-II*CF

BO = BP*nl-8I*DR

CD = Ck*w0I-Ct*Dk

Ii- (A8S(cO) .LTo AS(CD)) GO TO 64
C IULUTTON FC-R liO POSSIBLE PLANTS AT WHICH THERE MAY BE 'ROSSINGS
C r-F THC' (HYPFKt60LIC) LINES REAL(Flas. ANJ IMAGtFl~m09.

jC A CR:)SSING PUINT IS CHOSEN TU BE A ZERO tWF THE
c i-UNCTION IF- If LIES hITHIN THE CURR.ENT MESH1 SQUARE V

c ANU IF- IT LIES ON THE BRANCH Of lMAGF)=Jo0 CURtRENTLY
c BEING FOLLWWEO. MULTIPLE CROSSINGS ALUN4 THIS BRANCH 4

vC (ACTUALLY A SEkiES UF CONNECTING HYPERBOLIC BRANCHES)
j C IN THE SAME uf4 IN alFEfRENT SQUARES ARE .4UTEIO SINCE

C T14ESE MUST LATE-R BE RESOLVED.

CI4AL SUC tL(N) 0t SL

I F 4UREA. .LT* 0.0 .O3R* UlCEAL .GT, 1.0) GO TO r-3

CZ = R+CR*UREAL

IF (AtS11) *GE ABS(P)2 UIMAG = (ARCR*UREAL)/01

I((FNTER R-CENTR RM*U REAL-CENTR H.) *LT* 0.0
*OR*. (ENTER I-CENTR I)*U IMAG-CENTR 1i .L1a 0.0)
GO TO o3

o,2 ThETA(1 = (LR+U REAL)*TMESH
ThETA(2) = (LI+U IMA,%G)*TMESH
IF (M-PPINT .NEe 0) PRINT 962#LRtLI#THETAll)9THETAt2)

z 9be FCRMAT (0 ##214t3X'THETA =lt2F9.4)
NR LI = NR L1+I
ZEkfiS(lNR LI) =THETAIl)

41,ZtEROS(2,NR LT) THETA(2)
IF (Nk~ ZL .El* 04 NR Z =NR L+l

V;~ N6 ZL = N\R ZLtI
o3 CuN~TINUF.

GC Tfl 67
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C ALTE 14TE SCLUTION p-OR THE Af3OVt, TWO FOR~MS ARE tNEhiED SINCE41
C IN ANY GI VEN CASE, EITHE~R FOqM (BUT NUT 110TH KRjMS)

C MAY lL I NDETEkMI NATE.
~4 A zA

3 = (Ao+pC)*0.5
C =AC
CfLL QtJAC (AtBCSOLINR SL.
IF (NR SCL .EQ. 0) GU TO 7J
DC' 6ib N=19NR SOL
UIMAU z SCL(N)
IF (UIMAG .I.T, 0.0 99R, UIMAG .GT, 1,0) GO TO

DI=CR+CR*UIMAG'

I f (ASS(CI) oGE. AdS(D2)) UREAL x-(AR+BR*UIMAG)/DI
IF (ASS(C2) .GEo AAS(Dl)) UPEAL z -(AI+81*UIMA6)/DZ
IF (UREAL .LT,, 0.0 *OR. UKFAL oGT. 1.0) GO TO 6b
I F LTWC .EQ, 01 GO TO b5
I F ((ENTEk P-C,!NTK R)*(U PEAL-CENTR R) 9LT. 0,UJ

s .OR. (ENTER 1-CENTR I)*(U IMAG-CENTR 11 *LT* 0.0)
$ GO TO 66

65 TI-ETA(1) = (LR*U REAL)*TMESH
Tt-ETAM2 = (LIe+U IMAG)*TMESH
IF IMPRINT .NE, 3) PRINT 965,LRtLItThETA(1),THLTAt2)

911 FORtMAT to IteTI4X'THETA =194F9i4)
NKs ZT = R ZT+l
ZEPOSLINP ZT) = THETA(l)
Z ROS(2PNP ZT) = THETA(21
IF (NiR ZL -EQ. 0) NR Z =NR 1+1.
kk ZL x KP Z1+l

64, Ci9,JT INUE
67 C(:NTINUF

C
70 C!.NTI NUE

C TEST FOR EXIT FROM LEFT EDGE OF MESH SQUARE,
IF (LErGF *EQ. 1) GO TO 72
IF ((AIMAG(FOO) .GT. 0.0 oANO. AIMAGIFOI) GT* 0.01
$*OR* (AIMAG(FOO) .T. 0.0 oAND. AIMAG(FOL) .LT* 0.0)
$G GTO072

IF (LTWO sEQ. 0) GO TO 51
F)IT R =0.0
EXIT I = -AIMAG(FOO)/AIMAG(FOI-FUO)
IF ((EtNTEP R-CFNTR R)*(EXIT k-CENTR R) .LT. 0.0

$ #OR. (ENTER I-CENTR I)*EXIT I-CENTR 1) .LT. 0.0)
GO GTO72

GC TU 51

C TcST F(TA EXIT FROM t(JTTOM EDGE OF MESH SQUARE*
74 IF (LEDGE .EQ. 2) G 0 To0 7.;

IF ((AIfrAG(FUO) *GT.* 0.0 *ANU, AIMAG(F1O) .GT. 0.01
O(R. (A IMAG( V.JU) .LT* u.0 .AN'). AIMAG(Fio) .LT. u.0))

GO TO 't..
T (t TW(C v-Q. 0) GO~ 71'A.
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rXIT R =-AIMAG(F00)/AIMA(FlU-F.0O
EXH 1 0.0l
I- (t UNTFR R-CENTR Pl*tkXIT R-CENTR R) *LT. 94

.IR fNTIH' I-CENTS% I)*EXIT I-CFNTR 1) .To C.03
s GOTJ 73

G1 TV~ S&
C
C T:ST iUR EXIT FROM R13HT ED0G'I nF MESH SQUARE*

73 Ir (LEDGE EO* 31 GU TO 74
It ((AIMAG( 10) .GTo 0.0 oANJ* AIMAG(FII) .GTa 0*0J

*OR* (A14A'l'(Fl0J .LT, 0.0 .AND* AIIAG(Fil, .LT. U60))
GU TO 74

IF U TWO *E, * 0) GOJ TO 41
EXIT R 1.0
EXIT I = -AIMAG(Fl0)/AIMAG(F1i-F10)
IF ((ENfFER F-CENTR R)*(EXIT R-CENTR R) .LT9 0.0
I .*OR. (L&NTER 1-C.ENTR LM*EXIT I-CENTR 1) .Ll. 0.0)

jL Tr 41

C TEST F,-iR EXIT FROM TOP EDGE OF MESH SQUARE.
14 If (LEDGE oE(Je 41 GO TO 90

IF ((AIMAG(FOl) .GTs 0.0 *AND. AIMAG(P1IL) .G7, 0.0)
$ .s0k. (AIMAG(FOI) *LT. 0.0 *ANDs AIPAGIFIL) LT1. 0.0))
6 GOU l9 0

If- (t TWC .EQ* 0) GU TIO 46
EXIT R =-'IU'A;(F01)/AIMA'G7(IL1-Fo1)
FXIT I 1.0I IF W(NTEK R-CENTR K)*IEXIT R-CENTR R) oLT. 0.0

*OR, (ENTER I-CENTR I)*EXIT I-CENTR 1) .LT. 0.0)

$ GU TO90
fr TC 46

i. IF (Nk Z .NE. 0) CALL Nu MESH (TMFSHTQLqVPRINTtZkt<USNF Z)
PE T U~N

C
10 PPTNT 909#LRtLI

gig roRMAT 1#00,,NO EXIT FROM MESH SQUARt6 ,216)

9 30 FORMAT( 00)

END



SUi)ROUT IN KF UAD (A HiC SOL NR SOL I
C r-,. R('fll-FIKIflR

C SOLUT10ft f(.- Tfl- S-EAL fkOUIS OF A iQUADRAIC EQUATIUN uF 1*E
CF~frM A*X**2+4oo*f3*X*CzO.O, WHERE X IS CALLED *SOL'

4 c IN THIS ROUTINE* TH NUMBER 9F REAL c'UfS FOUND IS
c GIVEN 3Y *NR SUL'* A VALUE OF I FOR INR SOLO RESULTS
C FROM THE QUADRATIC EUUATICN APPROACHING LINEARITY.

C USFO OY SU~qGuTINES FZFROS AND NO MESH*
C

C
AL.(3S0 = ACB*
IF (ABS(ACOSSQ) *LT. 0.i) GO TO 20

C
ARG =B**2-A*C

Ng SOL . 0
iF (ARG .1*.';).0) RETUkN
NI' SOL = 2
RCOT = SCRT(ARG)
SCL(1.) = (-B+ROCT)/A
SrL(2) =.(-B-ROOT)/A
RET UP N

* C
20 TUFM = 1.0

SUM = .C
DO 21 Kml,5%)
TERM TERMA*((K-tl.5)/CK+1*0))*ACOBSQ
SUM =SUP+TERM
IF (ABS(TFRM) .LT.,1,OE-lU) GO TO 22

21 CONTINUE
2Z SUl)( -C/(2.O*B)*SUM

NR S)VL I.I I-. IA BS Al(2.0*o,) ,LT. i.OE-301 RETURN
NpS 01. 2iSOL() --2. 0*~3/A -SOL 1

END
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SUIIPUUTIKE FIND) F (JRtJJP)
r vu'k noT -FTNDEK

C (LMM-0N/1I4 CeM/Ti4ESf

U *i.)imeNsirN tTZ
CUMPLE~X FIHETAARTS
EQUIVALFNCE (PARTPARTSh] . C PA'kTIU = Jk*TMESt4
PArPT(2) =JI*TM4ES14
THEU - PIAFTS
CALL FCT VAL (TI1ETA,F)
PEI fl

C
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SUBRCUTINE NO MESH (TmEStHTOL#MPRINTpZER0S*NR Ll 3

r Fcl- POfY! -F IDER
C 90U.T1Nf- FOR FINDING EXACT (114 THE SENSF (jE NO MESH APPRUXIMATION)

r L3CATI INS jF ZEROS1 ulF THE i-UNCTIfM'I, Fj FJK o4HICH
c 14 COMPLETE, B~UT APPROXIMATE, SET tvAS FUUNO IN

C SUBROUTINE FZERUJS,
C TIWI DIFICIENCIkS REMAIN IN THIS ROUTINE. ONE IS

c ~ THAI ZFROS CLOSER THAN THE FINITE VALUE 0UL' CANNOT
uE ReESOLVE0, THIS HAS CAUSFt) A PRVBLLM A FEW TIMES

c IN USA3E TO D)ATE, BUT HAS Al.WAYS BEEN kE.j.LVLD BY
C USING A SPALLER VALUE uF ITOL'. THE SE6JND PRUBLEM
C IS THAT THE RESULUTION Ut- 'ULTIPLE ClOS.-INGS't
C *HICH OCCUR BECAUSE OF THE NON-ANALITICITV OF THE
C MESH APPROXIMATION, IS SUCH THAT IN PRINCIPLE AJ-2
C LERO CAN qE MISSED. THERE IS NO EVIUENCE THIS HAS
C EVER OCCURIKED IN PRACTICE, IT MAY OF MAY NUT BEA
C COST EFt-ECTIVE TO DEVELCP THE PROGRAM FURTHER TO
r CORRECT THESE Thd PROBLEMS.
C.

CObIMON/ZLS CO,4/NR ZTNR LLSC 103)
DIMENSlUK PART (2)9SLM All-
COMPLEX Z~kOS(l),

$ THETA,
$ FtDFDTDELT,
$ PARTSt
$ LEROSQ( 1WO) t TM ZN9
$ ATEMP913TEMPtCIEM'POOTEMP,

S FAkRAY(4#4) ,rOOFOL9t-1OFII
EQUITVAL ENC E ( PART U(I)tPAR TSJ

C
C

R IF (MPRINT *NE. 0) PRINT 900O
lk'900 rc~p'4AT (sit t'ITERATIONS TO kFM()VE MESH)

C
1

C
C ;'~TN~PSN(FIRST-ORDIk ITERATION TO FIND EXACT LOCATICNS
c CF THE ZEROS OF F.

00L 29 JZ=1,NR ZT
ZEIKOSO(JZ) = ZEROS(JZJ
IF (MPIkINT .NE. 0) PRINT 901,JZ

9)1 FORMAT (1 ',18)
21 IF- (MPRINT .NE, 0) PRINT 902,LEROS(JZ)
902 FERMAT (I ,lOlXt2(P9,4J)

THETA ZEROS(JZ)
CALL F DFDT (THETA9FiDF[CT)
DELT =-F/DFDT
Z KOS (J Z L EROS (JZ) +DELT
IF (CARS(DELT) .GsT. J.3*TOL) GO TO 21

29 C%"NT I N Ut

C 1JMriLl, ("F WNICUE Z ERCS COUMPARE!) TO TOTAL NUMBER MINUS
C MUITIPLICITY DUE TO MULTIPLE CRGSSINGS.
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3 IF (NR ZT *Fw. 1) RETURN

0O 3~ Jzi,NR LT

Mt . J1,Mjm JM1
I,- (LAFS(LER0S(Jl-ZEROS(JJ)) 9GTo 101) GO TO 3L
IF I'4PklhT .NE* J) PRINT V05,J#JJ

$ 'AR~E THE SAME)
MATCHl I1 3 CtCNTINUF
If- (VATCH oN~e 0) GO TO 3.1

Zkk0S(JZ) . LERGS(J)

PkU4T 9*9~N
97FOR~MAT (0lWRNG-9.iX EOSFOUND O'lt~

$'PHASE LINES$)
Ih:p Z JZ

C THE F-0LLC'iIN(, LO)GIC 1S NJFHE ONLY OCCASIcJNALLY, NAMELYt WHEN
C TEST INDICATES THAT A LERO HAS BEEN MISSED IN THE
c INITIAL ;NEwTUN-RAPHSON ITERATION* IT ALLOJWS FOR
f: STEP-WISE CHANGE IN THE FORM OF THF FUNCTION FROM

C THE MESH APPROXIMATION TO THE EXACT FORM.
50 NS - NS*2r IF (Nb .GTo 16) GO TI) 90

C-(' 5c, JZ=lNR ZT
IF (M4PRWN oNE* 0) PRINT 901,JL
ZERk'iS(JL) =LEROSO(JL)
00 58 K=1,NS
Ft%. Ff CT =FLnAT(K)/FLOAT(NS)
FP" FPCT =1.0-FK, FRCT

51 T?-ETA aZEROS(JZ)
I F (tMPRINT .NEo 0) PRINT 902,LEROS(JZ) I
CALL F DFDT (THETAVf)DT)
IF (K *EC. -NS) GO TO 5o

JRO =REAL(THETA)/TMESH

IF (kEAL(THETA) eLTo 0.0) .JRO =JRO-1
J10 tIMAG(THETA)/TMESH
IF (AIMAG(THETA) .LT. ;;*0) JIG J 10-1
DC 52 JPLOOP=I.,4
DCO~ JILOL P=lt4

J= JP-I+JPLOOP-2
JJ J104JILOOP-2

32 CALL FINC F (JRtJIvFARRAY(JRL0OPJILUOP))
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C

DO 0Y JRirLfl,.
I-C 67 JILi,LPit3
FUO - F4~FRAYJRJPvJILOC'P1
F01 v FAPF'A(JRLJOPtJILG(.Pe1)
Flo = FARPAY(JRLUP+1,JILUOP)
Fil = F4FAY(JRt0P+JLJCJPtL)

JR= Jk,+JI'OP-2
JI = JTO4JILt2OP-2
kfFIk = kftL(ERC1S(JZfl/TMESt1-JR
RFI= A1MAG(lE.R1S(JZ)/TMES-Jl
ATEMP =FOO
B~TEMP = FOI-F30
CTEMP =fl1-FOO
VIEMP a FUO+FII-FOL-FlU
PAP TS =(ATEMPPTEP*REF+CTFMP*R[LP+TEM*i<FF,*RLFI)*FM FkCT

+FvFN FRCT
AF =PAkT(1)f
Al = PART(2
PAR4TS = (6TEMP*01TE. P*REFk)*FM rFRCT+OFDT*(O.OI.0J*MESti*FN FRCT
BK= PART(I
81 =PAIPT(2)
PtAITS =(CTFMP+LTEI4P*REFI)*FtM FRCT+DFDT*TMF:SH*FN FfKCT
C= PARIMi

C(I PAPT12)
PRS= CTEMP*FM F4CT A

V= PART(I)
01 =PAPTM2

Ab=APv*E-A*gkI
AC =AR*CI-AI*CR
AD = AP*CI-AI*DR

= R*0I-t31*DF
CD=CR*CI-CI*DR

I~ (143S(Bt') .Lf* ABS(CLMj GO TO 0i4
A CD
F (AD-BC)*0.5
C =Ab

CALL QUAD t~tCSOLNR SOL)
If- (N~P SOL *LQ9 0) GO TO b7
PCf b&. Nld9R SOL .

Uf- F M = FOL(N)
W1IF (UREAL+REFR .Ts -0.0320 *OR* UREAL+PEFP .GT. j.oj3O) GO TO 62

D1 = 6R+CIk*UREAL
OZ i 8+C1*UREAL
I f (AIBS(Cl) G&E* At3S(N'I) UIMAG = -fAR#CR*UREAL)/DL
I F t-ftS(C2) .CE* A,3Stt'if UIMiAG =-(A1+C!*URIEALI/D?
IF (U IM A G +REFI e.LT . -0e( OUR, U IMAj+ REF I .T, iJ~ (,IGOU I 2

PART1) =(Jk*URAL+EF.)*TMS1
PA01(2) z(JI+UIMA'c+kEH)*rMESH
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ThE TA PAR TS,
1)151 CAS'S(THEIA-LCROSIJj))
If (CAST eCT. DtFlNI GOl TO 64

vTMIN I-ETA
o2 CL5NTINUI

GV iTO 6 7

6st A En

B (AD*8C)*0*5
C.a AC
CALL IQUAC (AtB#CSOLNk SUL)
IF (NR SCI *EQ* 0) GJ TO ol
Dt' 6b Nu1,f)R SOL
UIMAG aSOL(h)
IF IUIMAG.PEFI .LT. -0.030 .OR* UIMAG+REFI .GT. 1.330) GO TO 66
Dj CRCR*UIMA&p
02 a CIC*UIMAG
IF (ABS(CI) .GEo AiS(04)) UFCEAL a-(AR8*mA/U
IF (ABS(C2) sGE. AS011) UREAL a-lAI+8I*uIMAG)/i2
If (UREAL+,AEFR 9LT. -0*003 *OR* UPEAL+REFR a.GTo 1.003) GC TO b6.

PARTM = (JR4UEAL+AEFR)*TMESH

THETA =PARTS

IF (LIST *GTe 0 .INI G'k TO o,6
r)MIN =CS
TMIN = T-FTA

66 CONTINUE
67 CONTINUJE

IF (DMIN *GT. 9e0E9) GO TO 95

IF (CABS(DtLT) eLTo I.3,4*TMESj) GO TO 57
GO TO 51

50, DELT = -F/OFOT
)ZEPOS(JZ) = ZER(!S(JL)4D.LT
IF (C.ABS(DELTI *LT. 0*3*TUL) GO TO 57
GO 1TO 51

57 IF (MPRINT .NEe U) PRINT 907
907 FUPMAT (#0#)
58 CONTINUE
59 CfONTINUE

GO TO 30

9 i PU NT 990tJivNR Z
)90 FORMAT ('0,'lONLYl,13,iK,'ZERUS FOUND ON',I3tlX,'PHASE LINES')

STOP
C

Co PiUNT 995
995 CLRMAT ~,0','PROBLEMS IN SUBROUTINE NO MESH')

STOP

- 223



AlI

2211



I
INITIAL DISTRIBUTION LIST

I Director (5) Director
Defense Nuclear Agency National Security Agency

DDST (Peter Haas) Attn: Oliver W. Bartlett W65
RAAE (Carl Fitz) Fort George G. Meade, MD 20755
RAAE (Dow Evelyn)
STTL (Tech Library) Institute for Defense Analysis
RAEV Attn: Dr. Joel Bengston

Washington, DC 20305 400 Army-Navy Drive
Arlington, VA 22202

Director (2)
Defense Advanced Research Projects Defense Documentation Center (12)

Agency Cameron Station
Dr. Donald Mann Alexandria, VA 22314
James C. Goodwyn

1400 Wilson Blvd Director
Arlington, VA 22209 Army Ballistic Research Labs.

Aberdeen Proving Grounds
C',mmander (2) Maryland 21005
Naval Surface Weapons Center,

White Oak A :ny Electronics Command (2)

WA-501 (Robert Jenkins) A:. a: AMSEL-NR-R-2

WA-501 (John Downs) Fo; . Monmouth, NJ 07703
Silver Spring, MD 20910

Commander Air Force Weapons Laboratory
Director Attn: John M. Kamm/SAS
Weapon System Evaluation Group Kirtland Air Force Base, NM 87117

Attn: Library
400 Army-Navy Drive HQ. USAF (AFTAC) (3)

Washington, DC 20305 Attn: TD-3
TD-5

Chief of Research and Development Washington, DC 20333
Department of the Army
Washington, DC 20301 CINCSAC

Attn: Director-Communications and

Chairman Electronics, Chief Scientist

Joint Chiefs of Staff Offutt Air Force Base, NE 68113

Attn: J-6
Washington, DC 20301 CINCNORAD

Attn: Chief Scientist

Defense Communications Agency (2) ENT Air Force Base, CO 80909

Office of MEECN Sys. Engineering ESD
Attn: Capt. R. S. Gardiner

W. Heidig L. G. Hanscom Fiel'
Washington, DC 20305 Bedford, MA 01730

Director AFCRL

Defense Intelligence Agency Attn: CRU, S. Horowitz

Washington, DC 20301 L. G. Hanscom Field
Bedford, MA 01730

225



Chief of Naval Operations Computer Sciences Corp.

Attn: Capt. D. E. I)onovan Attn: Dave Blumberg
OP-941D 6565 Arlington Blvd.

Washington, DC 20350 Falls Church, VA 22046

Naval Electronic Systems Command (2) DEVELCO
Attn: PME 117-T Attn: L. H. Rorden

PME 117-21 5'30 Logue Ave.
Washington, DC 20360 Moitloiin View, CA 94040

Naval Underwater Systems Center (2) General Electric Co. (2)
New London Laboratory TEMPO
Attn: Dr. D. A. Miller Attn: B. Gambill

P. R. Bannister W. Knapp
New London, Connecticut 06320 816 State Street

Santa Barbara, CA 93102
Naval Research Laboratory (2)
Attn: Dr. J. Davis, 5464 General Electric Co. (2)

W. E. Garner, 5460 DASIAC
Washington, DC 20390 816 State Street

Santa Barbara, CA 93102
Office of Naval Research
Attn: Gracen Joiner, Code 464 ITT Research Institute

Dr. J. G. Dardis, Code 421 Attn: Technical Library
Arlington, VA 22217 10 West 35th Street

Chicago, 111. 60616
Commander
Naval Telecommunications Command Johns Hopkins University (2)
Attn: 24C (H. H. Shapiro) Applied Physics Laboratory
4401 Massachusetts Ave., N. W. Attn: J. Newland
Washington, DC 20390 P. T. Komiske

Johns Hopkins Road
Institute for Telecommunications Laurel, MD 20810

Sciences (4)
Attn: J. R. Johler Lowell Technological Institute

J. R. Wait Research Foundation
D. D. Crombie Attn: Dr. Bib)
L. A. Berry 450 Aiken Street

Boulder, CO 80302 Lowell, MA 01853

National Bureau of Standards (2) Massachusetts Institute of Technology (2)
US Department of Commerce Lincoln Laboratory1 Attn: Mr. Arthur Ernst Attn: R. Enticknapp

Mr. Raymond Moore Dr. Dave White

Washington, DC 20234 244 Wood Street
Lexington, MA 02173

226



Mission Research Corporation Pacific-Sier a Research Corp.

Attn: Dr. C. Longmire Attn: Dr. E. Field
One Presidio Avenue 1456 Cloverfield Blvd.
Santa Barbara, CA 93101 Santa Monica, CA 90404

Mitre Corporation (3) University of Denver (2)

Attn: Mr. G Harding Denver Research Institute
Dr. John Morganstern Attn: Mr. Herbert Reno
Ms. Susan Morin Mr. Donald Dubbert

P.O.Box 208 Colorado Seminary
Bedford, MA 01731 University Park

Denver, CO 80210
Lockheed Research Laboratory (2)

Attn: Dr. J. B. Reagan University of California
Technical Library Attn: Dr. Henry G. Booker

3251 Hanover Street P.O. Box 109
Palo Alto, CA 94304 La Jolla, CA 92038

Los Alamos Scientific Laboratory (3) Pennsylvania State University

At.tn: Dr. J. H. Coon Attn: Ionospheric Research Lab.
Dr. R. F. Tascheck University Park, PA 16802

Dr. D. R. Westervelt
P.O. Box 1663 University of Illinois

Los Alamos, NM 87544 Attn: Aeronomy Laboratory
Dept. of Electronics Engineering

Boeing Co. (2) Urbana Campus

Attp" Mr. J. F. Kenney Urbana, IL 61801
Mr. H. R. Willard

r..B R.0 WillGeophysical Institute of the
P.O. Box 3707 University of Alaska

Attn-, Technical Library
EG&G, Co. College, AK 99735I P.O. Box 384
Ke.Or ao n 3Stanford Research Institute (3)Kenmore Station

Boston, MA 02215 Attn: D. Nielson
Dr. E. T. Pierce

President, Sandia Laboratories Technical Library
Attn:' Mr. W. C. Myra Menlo Park, CA 94025

Albuquerque, NM 87115 Radio Science Laboratory

President, Sandia Laboratories (2) Stanford University
Attn: Prof. R. A. HelliwellAttn: Mr. T. B. Cook SafrC 40

Dr. Byron F. Murphy
Livermore, CA 94550 Rand Corporation

Lawrence Radiation Laboratory (2) Attn: Dr. C. M. Cram
1700 Main Street

Attn: Dr. Frederick D. Seward Santa Monica, CA 90406
Dr. Glenn C. Werth

P.O. Box 808
Livermore, CA 94550

227



R&D Associates
Attn: Dr. Forest Gilmore
P.O. Box 9695
Marina Del Rey, CA 90291

Science Applications, Inc.
Attn., Technical Library
1200 Prospect St.
La Jolla, CA 92037

228


